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Abstract 
 
Recycled plastics composites have raised interest for reapplications due to the growing 
worldwide concern over the disposal of plastic waste as only around one-fourth of it 
is currently being recycled while the rest of it continues to litter our roadways, clog 
our landfills and pollute our environment. As plastic solid waste (PSW) are in mixed 
form and separating the blends of numerous plastics from each other is expensive, 
therefore this research focuses on converting mixed PSW into reliable products 
suitable for building and construction industry to increase their recycling rate. 
This study investigated on the possibility of developing engineered composite 
materials made from recycled mixed plastic solid waste (PSW) containing a mixture 
of high density polyethylene (HDPE), low density polyethylene (LDPE) and 
polypropylene (PP). Coupon and bigger size specimens were produced through 
injection moulding process and their important structural properties were 
characterised. This experimental characterization enabled the author to determine the 
coefficient of variance of the measured properties which was less than 10% indicating 
the consistent material quality of mixed PSW. The strength properties were found to 
be 14.8, 19.8, 20, 5.6 MPa in tension, compression, flexure and shear respectively, 
which is comparable to low grade timber. 
An experimental study on the effects of the addition of short glass fibres (10-
30% by weight), compatibiliser (2.5 wt. % of polypropylene-grafted-maleic anhydride, 
PP-g-MA), processing stabiliser (1 wt. % of phosphitic antioxidant, Irgafos-168) and 
light stabiliser (1 wt. % of oligomeric hindered amine, Univul-5050) on the physical, 
mechanical and durability properties of mixed PSW was conducted. With the addition 
of 30 wt. % of glass fibre, the strength properties and elastic modulus increased by as 
much as 141% and 357%, respectively compared to unreinforced PSW. The best 
improvement was seen in the flexural properties due to the better orientation of glass 
fibres in the longitudinal direction at the outer layers with moderate improvement in 
shear. The addition of 2.5 wt. % of PP-g-MA further increased the tensile strength and 
modulus by 2.7% and 4%, respectively while 1 wt. % of Irgafos-168 resulted in an 
increment of 5.5% in the tensile strength and modulus. SEM observations on the 
specimen with chemical additives showed a good bonding of the glass fibre with the 
mixed PSW. With the improved properties of glass fibre reinforced mixed PSW 
composites (GMPC), the strength of this material is comparable to medium grade 
timber. 
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The behaviour of mixed PSW and its composites under different environmental 
conditions such as elevated temperatures, ultraviolet (UV) radiation, and ingress of 
moisture was studied for wider acceptance as a civil engineering material. When the 
test temperature was increased from 23°C to 40°C, the mixed PSW retained 73% and 
64% of its tensile strength and modulus, respectively. The addition of 30 wt. % glass 
fibres improved the tensile strength and modulus retention to 78% and 87%, 
respectively. 
Under UV radiation, the mixed PSW and its composites showed weight loss 
and surface degradation. After 4000 hours of exposure, the mixed PSW lost 1.4% of 
its weight, which was reduced to 0.6% with the addition of 30 wt. % of glass fibre and 
1 wt. % of Univul-5050. However, the addition of 2.5 wt. % of PP-g-MA in the 
specimens containing 30 wt. % of glass fibre increased the weight loss to 1.2% due to 
the presence of photo-responsive groups in PP-g-MA that can catalyse the photo-
oxidation. Interestingly, the tensile strength and modulus of the PSW and its 
composites was not affected by UV radiation. After 4000 hours of exposure, the mixed 
PSW retained 96% and 103% of its tensile strength and modulus, respectively. These 
properties improved to 116% and 121%, respectively with the addition of 30 wt. % 
glass fibre and 2.5 wt. % PP-g-MA due to shrinkage of the specimens which increased 
the bonding between the glass fibre and matrix. Under hygrothermal ageing, the mixed 
PSW and its composites absorbed moisture and formed microvoids and cracks on the 
surface. The addition of 30 wt. % of glass fibre and 2.5 wt. % of PP-g-MA reduced the 
moisture absorption by 25% due to the binding of the matrix by glass fibre and better 
bonding of the fibre-matrix interface by PP-g-MA. Further to this, the addition of 30 
wt. % of glass fibre and 2.5 wt. % of PP-g-MA resulted in the mixed PSW retaining 
100% of its strength and stiffness. 
The simplified fibre model and finite element analyses using the material 
properties determined from coupon tests were found to reliably predict the non-linear 
flexural behaviour of beams made from mixed PSW. The enhancement on the 
mechanical properties due to the addition of short glass fibre were reasonably predicted 
by accounting for the randomness and length of the glass fibres. On the other hand, the 
effect of elevated temperatures, UV radiation and hygrothermal ageing was accounted 
for by introducing a temperature reduction factor, shrinkage factor and strength ratio 
factor, respectively to the modified rule of mixture equation. Based on Arrhenius 
model, the mixed PSW and its composites will retain 88% of their strength, which is 
further improved to 96% with the addition of 30 wt. % glass fibre and 2.5 wt. % PP-
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g-MA even after 50 years of moisture exposure at an annual temperature of 23°C.  
 From these findings, it can be concluded that engineered composite materials 
made from recycled mixed plastic solid wastes have the physical, mechanical and 
durability characteristics suitable for building and construction applications. A 
detailed understanding of their behaviour under different environmental conditions for 
potential civil engineering applications is an outcome of this investigation.
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Chapter 1:  Introduction 
 
1.1  Introduction 
Since the first industrial scale production of plastics in the 1940s, both the production 
and consumption of plastics have increased exponentially, ultimately giving rise to 
significant waste generation (Al-Salem, Lettieri & Baeyens 2009). The recycling of 
plastics has become extremely important in the industrial world, as plastics are now an 
integral part of modern living. With their large and varying applications, plastics 
contribute to an ever increasing volume of the solid waste stream (Siddique, Khatib & 
Kaur 2008). For instance, in Australia, 14 million tons of municipal solid waste 
(MSW) was generated in 2008. Measured by weight, 16% of this MSW was plastic 
solid waste (PSW) (DSEWPC 2012). Similarly, in the USA, the plastic waste 
generated in 2012 was 31.75 million tonnes, which is 40% higher than in 1998 (EPA 
2013). Furthermore, with the increasing cost and decreasing space of landfills, there is 
a growing worldwide concern that the disposal of plastic solid waste would soon 
become a major problem.  
One of the best options for managing the plastic solid waste (PSW) is recycling 
rather than incinerating to decrease the waste volume and reduce the environmental 
issues (Rajendran et al. 2012). Although plastics recycling is important, only about 
one-fourth of plastic solid waste is recycled and the remainder is disposed in landfills 
(DSEWPC 2012). One of the main reasons for the low recycling rate is that most 
plastic waste cannot be reused for the same application due to health and 
environmental protection (European Commission 1998). Another is due to the fact that 
the plastics obtained from landfills are often blends of numerous polymers and it is not 
economically feasible to separate them (Nosker, Renfree & Van Ness 1993). An 
effective way to increase the recycling rate and reduce the separation cost is converting 
the mixed plastic solid waste into products suited for building and construction. 
Currently, most  construction  practices  and   materials   used in  the  building  
and construction industry  leave  a  large  ecological footprint in the waste generation. 
In 2008/09, Australia generated 46.8 million tons of waste as municipal solid waste 
(MSW), commercial and industrial waste (C&I), and construction and demolition 
waste (C&D) streams (DSEWPC 2012). Of this waste, the construction and demolition 
waste stream contributed the most significant share at 19.7 million tons, with a total 
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disposal to landfill of about 8.5 million tons (Figure 1.1). Therefore, converting plastic 
solid waste into products suitable for the building and construction industry can reduce 
both MSW and C&D waste by producing recyclable products.  
 
Figure 1.1 Waste generation and disposal in Australia in 2008/09 (DSEWPC 2012) 
This thesis deals with the intensive investigation of the properties of mixed 
plastic solid waste containing a mixture of high-density polyethylene (HDPE), low-
density polyethylene (LDPE) and polypropylene (PP). There are two main benefits of 
recycling these type of mixed plastics. One is that HDPE, LDPE and PP, commonly 
known as polyolefin, represent the highest volume of plastics consumed; about 50-
60% in Australia (PACIA 2011). Another is that by using the floatation method, these 
three polyolefin can easily be separated from the other plastics obtained from 
municipal post-consumer plastic waste which reduces the separation cost. However, 
mixed PSW can have lower modulus of elasticity than softwood timber which is 
considered as the main limitation of its application in civil engineering.  
Several studies have shown the potential for using glass fibres as reinforcement 
in recycled mixed PSW composites to enhance its strength and stiffness. However, 
limited work has been conducted to comprehensively study the effect of randomly 
oriented short glass fibre on tensile, compression, flexural and shear behaviour. In 
addition, understanding the behaviour of mixed PSW and its composites under 
different environmental conditions is crucial for its utilisation in construction. 
However, most of the studies of degradation mechanisms of polymeric material have 
concentrated largely on the virgin and/or single grade polymers and their composites 
(White & Turnbull 1994). The detailed review of the recycled mixed PSW and its 
composites is discussed in Chapter 2. Thus, to be able to predict service life of 
recycled mixed PSW and its composites, a more comprehensive study of the 
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engineering aspects of failure as well as their behaviour under simulated 
environmental conditions is required. 
In this study, the physical and mechanical behaviour of recycled mixed plastic 
solid waste (PSW) containing a mixture of HDPE, LDPE and PP and its composites 
were investigated. The composites were produced using an injection moulding process 
by mixing the recycled mixed PSW with short glass fibres and chemical additives. The 
novelty of this research is it focusses on the four important mechanical properties 
needed in design and construction including tensile, compression, flexural and shear. 
Furthermore, the composites were exposed to natural and simulated environmental 
conditions to study their effect on physical and mechanical behaviour. The simulated 
environmental conditions included elevated temperature, thermo-oxidative effects due 
to the combination of UV radiation and elevated temperature, and hygrothermal effects 
due to the combination of moisture and elevated temperature. These outcomes are 
anticipated to support the expansion of the applications of recycled mixed PSW and 
its composites into building and construction. This will give enough engineering data 
to provide designers, engineers and builders with sufficient information specifying 
requirements and predicting their behaviour in different environmental conditions. 
1.2  Research objectives 
The main objective of this research is to gain a detailed understanding on the behaviour 
of glass fibre reinforced recycled mixed plastic solid waste composites (GMPC) under 
normal and simulated environmental conditions. In order to achieve this main 
objective, the specific objectives are defined as follows: 
(a) To understand the issues related to the performance of new generation composites 
produced using recycled mixed plastic solid waste and glass fibre for the civil 
engineering applications and to identify current research gaps 
(b) To evaluate the mechanical behaviour of recycled mixed PSW under different 
loading conditions 
(c) To study the effect of addition of short glass fibres (10, 20 and 30 wt. %)  and 
chemical additives (2.5 wt. % of polypropylene-graft-maleic anhydride and 1 wt. 
% of Irgafos-168) on the physical and mechanical behaviour of mixed PSW 
(d) To investigate the behaviour of mixed PSW and its composites under elevated 
temperatures, accelerated thermo-oxidative ageing and hygrothermal ageing 
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(e) To develop a mathematical model to predict the short-term and long-term 
mechanical behaviour of GMPC. 
1.3  Research significance 
The significant outcomes from this research are as follows: 
(a) Characterisation of mechanical behaviour of mixed PSW under different loading 
is important to find the consistency of their behaviour. Further to this, the 
properties from coupon test are used to predict the behaviour of the bigger size 
specimen. This will promote the expansion of mixed PSW in civil engineering 
applications and increase the recycling rate of mixed PSW 
(b) Identification of the effect of the addition of short glass fibres on the physical and 
mechanical properties of mixed PSW will assist in producing new generation 
composite materials with strength and stiffness suitable for civil engineering and 
construction 
(c) Understanding the behaviour of new generation composites under elevated 
temperatures, thermo-oxidation and hygrothermal conditions is vital for the 
widespread application of this material in exposed environments such as hot 
weather conditions or fire, outdoor structural applications and in humid 
environments, rain or underwater applications 
(d) Assessment of the compatibility of mixed PSW and GMPC with chemical 
additives such as compatibiliser, processing stabiliser and UV stabiliser as a means 
to further enhance their strength and stiffness behaviour 
(e) Development of simplified prediction equations of the mechanical properties and 
durability of GMPC will help engineers gain confidence in using new generation 
composite materials in the building and construction industry. 
1.4  Outline of the thesis 
This thesis is organised in the following structure:  
Chapter 1: This chapter includes a brief introduction to the research idea, highlighting 
the need for the recycling of mixed plastic solid waste into new generation composite 
materials for building and construction 
Chapter 2: This chapter focuses on the review of the literatures associated with the 
issues of recycled mixed plastic solid waste (PSW) and their composites which has 
been published in an international journal, Materials and Design. The review 
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emphasises current problems, recent developments and applications of these materials 
in civil engineering applications. In addition, areas that need further investigation 
related to property evaluation and durability behaviour of these composites are 
identified 
Chapter 3: This chapter presents the mechanical behaviour of recycled mixed plastic 
solid waste (PSW) composed of HDPE, LDPE and PP under tensile, compression, 
flexure and shear loading. The result and analysis of this chapter has been published 
in an international journal, Waste Management. The coefficient of variance of 
mechanical behaviour of coupon and bigger size properties is evaluated and used as a 
measure of consistency of its behaviour. Furthermore, the behavior of a bigger size 
recycled mixed PSW beam was analysed by theoretical and numerical simulation 
using the coupon specimens’ properties. Comparison of the results from the 
experimental, theoretical and numerical simulation showed a close agreement. Thus, 
the model presented here can be used for the practical designs of full-scale structures 
Chapter 4: This chapter presents the effect of short glass fibre reinforcement on 
recycled mixed plastic solid waste composites through experimental investigation. The 
result and analysis of this chapter has been submitted in a journal, Composites Part A: 
Applied Science and Manufacturing, for possible publication which is currently under 
review process. Study of length, content and orientation of glass fibres after injection 
moulding is presented. The mechanical evaluation of strength, stiffness and failure 
mechanism under tension, compression, flexure and shear is presented. Modified rule 
of mixture formula and fibre model analysis were proposed to predict the strength and 
stiffness properties. Comparison with structural timber and other plastic materials and 
evaluation of the suitability for use in construction is also covered in this chapter 
Chapter 5: This chapter covers the behaviour of mixed PSW and its composites under 
elevated temperatures. The study is divided into two parts. In the first part, the effect 
of temperature on the storage modulus, loss modulus and damping was analysed. 
Furthermore, the effect of elevated temperatures on the tensile behaviour of mixed 
PSW and GMPC were investigated. In the second part, the effect of chemical additives 
on the tensile behaviour of mixed PSW and GMPC were investigated at room and 
elevated temperatures 
Chapter 6: This chapter investigates the behaviour of mixed PSW and its composites 
under simulated thermo-oxidative ageing for 2000 and 4000 hours. The effect on the 
physical deterioration such as weight loss, shrinkage, physical damage on the exposed 
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surface and fibre/matrix adhesion is observed. The tensile properties of thermo-
oxidised specimens were measured and compared with an unexposed specimens 
Chapter 7: This chapter focusses on the effect of the hygrothermal environment on 
mixed PSW and its composites. Deterioration of physical and tensile properties in 
different exposure condition is presented and the physical damage of the matrix (mixed 
PSW) and fibre/matrix adhesion is observed 
Chapter 8: This chapter presents the main conclusions of the research and 
recommendations for future work. 
1.5  Summary 
The amount of plastic solid waste in landfills is increasing tremendously. Due to health 
and environmental protection, the PSW cannot be reused for the same applications. 
Furthermore, the PSW is a mixture of several polymers and it is not economically 
feasible to sort them. Hence, an effective re-use option would be converting the mixed 
PSW and producing recyclable products suited for building and construction in order 
to reduce both municipal plastic waste and construction and demolition waste in 
landfills. However, mixed PSW has much lower stiffness than softwood timber and 
this is considered to be the main limitation of its use in civil engineering applications. 
In this research, short glass fibres and other additives were added to the mixed PSW 
and its strength, stiffness and durability under natural and simulated weather 
conditions was evaluated.
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Chapter 2:  Review on glass fibre reinforced recycled mixed plastic 
solid waste composites 
 
2.1  Introduction 
The combination of three forces has created an opportunity for recycled mixed plastic 
solid waste (PSW) composites to be used in the building and construction industry. 
The first of these is the continuing population explosion, which has created a growing 
worldwide demand for building materials (Simonsen 1996). The second force is the 
increasing price of the construction materials and decreasing availability of quality 
timber.  The third force is the plastic solid waste (PSW) crisis. More plastics are being 
used in packaging, automotive and industrial applications, medical delivery systems, 
artificial implants, other healthcare applications, water desalination, land/soil 
conservation, flood prevention, the preservation and distribution of food, housing, 
communication materials, security systems, and other uses. Therefore, the world's 
annual consumption of plastic materials has increased from around 5 million tons in 
the 1950s to nearly 100 million tons in 2007 (Zhao, Torley & Halley 2008). In addition 
to this, there is an increased use of plastics in automobiles as it play a major role in 
enhancing fuel efficiency through reducing weight, and also improving safety, 
durability, reducing cost, design flexibility and aerodynamic vehicle improvements. 
As an example, the use of plastics per vehicle has increased from around 86 kg in the 
1980s to as high as 150 kg in the 1990s replacing traditional metals (Yan 2015). This 
underlines the increased use of plastics but brings new issues of managing plastics at 
the end of vehicle life. These challenges mandate reforming plastic waste into useful 
products. 
The large consumption of plastics greatly contributes to an ever increasing 
volume in the solid waste stream (Siddique, Khatib & Kaur 2008). Table 2.1 presents 
the amount of municipal solid waste (MSW) and plastic solid waste (PSW) generated 
in Australia, UK and USA.  These data shows that the plastic waste comprises 10-16% 
of MSW by weight. In fact, plastic waste has become one of the largest categories in 
MSW, particularly in industrialised countries (Shent, Pugh & Forssberg 1999). 
Although plastic recycling is important, the data shown in Table 2.1 indicates that 
only about one-fourth postconsumer PSW is recycled worldwide while the rest of it 
continues to litter our roadways, clog our landfills and pollute our environment. 
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Relevant statistics show that  the  disposal  of  plastics  will  soon  become  a  major  
problem. Thus, PSW recycling has been the focus of many researchers in the past few 
decades. Furthermore, the increasing cost and decreasing space of landfills are forcing 
considerations of alternative options for PSW disposal (Zia, Bhatti & Ahmad Bhatti 
2007). Research in this area is also being driven by the changes in social and 
environmental issues (Nosker, Lynch & Lampo 2012). 
Table 2.1 Plastic waste data 
 MSW 
generated 
(million tons) 
PSW 
generated 
(million tons) 
Recycling 
rate (%) 
Reference 
Australia in 2008 14 2.3 23 (DSEWPC 2012) 
UK in 2008 32 3.2 24 (DEFRA 2011) 
USA in 2011 250 32 8.3 (EPA 2013) 
 One of the efforts to increase the recycling rate is to convert the mixed PSW 
into products suitable for building and construction. Composites manufactured from 
recycled mixed PSW offer the promise of relieving pressure on both landfills and 
forests. Recycled mixed PSW extruded in the shape of lumber, generally called ‘plastic 
lumber’, is now extensively used in construction (Nosker, Renfree & Van Ness 1993). 
These materials have many advantages including being recyclable, a natural resistance 
to rot and insect attack, low energy consumption, low cost, light weight, and good 
specific mechanical properties (Lampo & Nosker 1997). Being lightweight, these 
materials are easy, fast and economic to install as they requires minimal handling and 
reduce energy consumed in transportation. More importantly, they offer a totally 
recyclable material compared to thermoset polymer composites which is becoming a 
major environmental hazard in many countries (Asokan, Osmani & Price 2009).  
However, the material properties of the currently available plastic lumber are 
low compared to timber. Their modulus of elasticity is typically one fourth or less than 
that of timber, and is seen as the main limitation of its usage in civil engineering 
applications (Breslin, Senturk & Berndt 1998). To expand the available markets for 
building products manufactured from recycled mixed PSW, the strength and stiffness 
properties of these materials must be enhanced by adding reinforcement and other 
chemical additives. Furthermore, a detailed understanding on how this material 
behaves under different environmental conditions is required. 
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This chapter provides an overview of the current research and developments 
on recycled mixed PSW and its composites, and information on its mechanical 
properties and durability under different environmental conditions. The effect of fibre 
reinforcement and chemical additives on the performance of recycled mixed plastic is 
also presented. Issues crucial to effective design and utilisation in civil engineering 
and construction are discussed. More importantly, areas that need further investigation 
related to property evaluation and durability behaviour of these new generation 
composites are identified. 
2.2  Current applications of recycled mixed PSW and its composites 
New materials and various combinations of recycled materials are constantly being 
proposed and used in the construction industry. Some of the first uses for plastic solid 
waste (PSW) were in items like fences, walkways and benches as shown in Figure 
2.1. While the use of PSW to make such small-scale products is completely 
appropriate, using recycled mixed PSW in load bearing and structural applications 
would consume much greater volumes of plastic wastes. 
  
Fencing in South Australia Fence at Sorell Cemetery, Tasmania 
  
Beach walk at One Mile Beach, Forster Seating at Xavier College, South Australia 
Figure 2.1 Non-Structural mixed recycled plastic products (Replas 2012) 
Recycled plastics have already been used in several civil engineering materials. 
Rebeiz, Fowler and Paul (1993) studied the behaviour of polymer concrete using resins 
based on recycled polyethylene terephthalate (PET) and found that the properties are 
comparable to those obtained from polymer concrete using virgin resins, meaning it 
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can be used for a variety of engineering applications. Babu and Chouksey (2011) have 
used the plastic waste as reinforcement material in soil for ground improvement, sub-
bases and subgrade preparation in road construction. They observed that the strength 
of the soil improved and the compressibility reduced significantly with the addition of 
a small percentage of plastic waste to the soil. Yin et al. (2015) studied the mechanical 
properties of recycled polypropylene fibres for reinforcing concrete as an alternative 
to steel mesh. Several other studies focusing on the use of recycled plastic in concrete 
have been reviewed by Siddique, Khatib and Kaur (2008). These studies have focused 
on the effect of recycled PSW on the density, tensile, air-content and impermeability 
properties of concrete in the development of structural products.  
 
Fort Leonard Wood, Missouri 
 
Wharton State Forest, New Jersey 
 
Fort Bragg, North Carolina 
 
Fort Eustis, Virginia 
Figure 2.2 Vehicular Bridge made of recycled plastic (Kim, Chandra & Nosker n.d.) 
Moreover, PSW has been used as a replacement for chemically treated woods 
in various larger scale outdoor applications due to its inherent resistance to rot and 
insect attack. Reinforced with glass fibre, recycled mixed PSW composites have been 
developed for infrastructure, railroad crossties and bridges. This has great potential 
because the high quality wood for construction is becoming less available. 
Furthermore, as these composites do not contain toxic preservatives such as chromated 
copper arsenate that may leak into seawater and cause environmental problems, they 
can also replace the preservative treated wood for marine use. The recycled plastics 
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has also been widely used in the highway applications replacing timber products. This 
has been demonstrated by several researchers of West Virginia University such as 
Bargo (2000), Basto (2002), Aditham (2004) and Varthakavi (2006) who have 
developed various components for highways such as bridge decks, guardrail, posts, 
guardrail offset blocks using recycled plastics. 
Some of the bridges built from recycled mixed PSW are shown in Figure 2.2. 
These bridges were made with nearly 100 % recycled post-consumer and post-
industrial PSW and were developed by researchers at Rutgers University, New Jersey 
and manufactured by Axion International, Inc (Kim & Chandra 2011). In 1998, the 
first vehicular bridge made up of polystyrene (PS) / high density polyethylene (HDPE) 
with a rectangular cross-section was constructed at Fort Leonard Wood, Missouri. The 
bridge uses steel girders to support the plastic section. Although it had a high initial 
cost, there has been no maintenance which makes it more cost effective than traditional 
construction materials. In 2002, a bridge with I-beam cross section was constructed at 
Wharton State Forest, New Jersey. In 2009, the first bridge in the world made of 
recycled plastics reinforced with glass fibre was built at Fort Bragg, North Carolina. 
All bridge components including girders, pier caps, decking, railings and pilings were 
made from recycled plastics. In 2010, Fort Eustis in Virginia opened the world’s first 
thermoplastic railroad bridges to replace two aged railroad timber bridges. This 
suggests that it is possible to apply these new generation materials to beams and/or 
columns. 
 Nosker et al. (1998) have discussed the performance-based approach to the 
development of a recycled plastic/composite crossties. They found that the physical 
properties of the composite railroad tie exceeded the established targets. The 
permanent deformation under lateral loads and rail seat compression were both tested 
in the laboratory and found to sufficiently meet the performance criteria. This resulted 
in the installation of the first ten plastic ties at Rose Yard in Altoona in October 1995. 
The ties were non-consecutive and were intermingled with twenty wood crossties. In 
April 1996, two consecutive ties were placed in a 5-degree curve in the Facility for 
Accelerated Service Testing (FAST) track at the American Association of Railroads 
(AAR) Transportation Technology Center in Pueblo, Co as shown in Figure 2.3. 
Another six ties were installed in the mainline service on Conrail's Pittsburgh Line in 
October 1996. The authors mentioned that there is no evidence of tie plate cutting, 
spike loosening, or any other signs of degradation on these ties, suggesting the 
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suitability of recycled plastic materials in this application. This has been further 
validated by Vijay et al. (2010) who studied the mechanical property of railroad ties 
made up of recycled thermoplastics and glass fibre. Their results showed that these ties 
have negligible local cracking from spike, high strength/stiffness under static loads 
and also excellent strength retention under millions of fatigue cycles. 
 
 
Recycled plastic railroad ties prior to 
installation 
 
Recycled plastic composite ties being 
installed 
Figure 2.3 Railroad ties made of recycled plastic (Nosker et al. 1998)  
Although several commercial products of glass fibre reinforced recycled mixed 
PSW products have appeared in recent years, there is no detailed scientific study and 
a lack of published academic work on glass fibre reinforced recycled mixed plastic 
solid waste (PSW). There are also a number of issues in using recycled mixed PSW in 
civil engineering applications, and these are discussed in the following sections. 
2.3  Plastic solid waste (PSW) 
In Australia, the largest component of the plastic waste is high density polyethylene 
(HDPE) at about 22%, followed by 16% of low density polyethylene (LDPE), 16% of 
polypropylene (PP), 14% of polyvinyl chloride (PVC), 9% of polyethylene 
terephthalate (PET) and 23% of other types (PACIA 2011). These five polymer types, 
together with polystyrene (PS), also dominate the plastic waste stream in  the USA 
(Subramanian 2000). Hence, most plastics in the PSW are thermoplastics, which 
means they can be melted and re-shaped. 
Thermoplastics have the simplest molecular structure, with chemically 
independent macro-molecules (Biron 2007). This type of plastic is in a solid form at 
ambient temperature and becomes deformable at elevated temperature, and the process 
of hardening at low temperature and softening at high temperature is reversible. By 
heating, they are softened or melted, then shaped, formed, welded, and solidified when 
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cooled. Multiple cycles of heating and cooling can be repeated without severe damage, 
allowing reprocessing and recycling. The tensile properties of commonly used virgin 
and recycled thermoplastics are shown in Table 2.2.  
Most studies have shown that the important properties of the thermoplastics 
are fairly well preserved during recycling.  However, some authors have mentioned 
different results. The mechanical tests conducted by Müller et al. (1987) on virgin and 
recycled PET showed a great difference exists between the virgin and the recycled 
PET; the former exhibiting a brittle behaviour and the latter a ductile one. This result 
is a consequence of the difference in crystallinity between the materials which may 
occur due to the presence of contamination and degradation during processing. 
Table 2.2 Tensile properties of virgin/recycled thermoplastics 
 Virgin  Recycled References 
Tensile 
strength 
(MPa) 
Tensile 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
modulus 
(MPa) 
PET 47 1890  24 1630 (Müller et al. 1987) 
PP 30.1 690  24.1 550 (Homkhiew, Ratanawilai & 
Thongruang 2013) 
HDPE 18.7 339  19.1 441 (Lu & Oza 2013) 
LDPE 16 180  12 220 (Pedroso & Rosa 2005) 
 
Mølgaard (1995) has concluded that recycling of PSW is only environmentally 
and resource sound if it is separated into its generic plastic types, making it possible to 
produce a recycled plastic with properties comparable to virgin plastic. However, PSW 
is a mixture of several polymers and it is not practically possible to sort the polymers 
into their generic plastic forms. This is due to several factors such as expensive sorting 
prices and the presence of different polymers in a single product (Blom, Teh & Rudin 
1998).  
The production of raw polymeric materials from crude oil is relatively 
inexpensive. Given the cost of collecting, shipping, sorting, and cleaning recycled 
polymers, there is little financial incentive for manufacturers of polymer resins to 
recycle material. Another factor that accounts for the existence of blends is that the 
articles are constructed from two (or more) different homopolymers. Examples of this 
include some detergent bottles made with the body of HDPE and cap of PP. A possible 
strategy to overcome this dilemma is to recycle waste plastics as “commingled or 
mixed plastics”, which means that the plastics are reprocessed without prior sorting 
according to plastic type.  
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However the majority of plastic found in mixed plastic waste are immiscible, 
when melt blended, such plastic forms complex dispersed morphologies and often 
have inferior mechanical properties and poor surface properties (La Mantia 2003). This 
type of recycling is therefore sometimes referred to as “down-cycling”. Thus, products 
made of mixed recycled plastics wastes are used for less-demanding, non-load bearing 
applications, such as outdoor furniture, decking or traffic barriers. This is mainly due 
to the following phenomena (Burillo et al. 2002): 
Compatibility: There are many types of polymers which are immiscible and 
incompatible. When an attempt is made to mould a mixture of two or more polymer 
types, the different materials form separate phases, and the overall material sample 
typically has very poor mechanical properties and poor integrity. Even small amounts 
of an “impurity” polymer can have a negative effect on properties. Given that there are 
numerous different polymer types, implies that either the waste stream must be very 
efficiently sorted into its different components, or that a way must be found to 
compatibilise the various phases. 
Contamination: By their nature, polymers can absorb low molecular weight 
compounds, which dissolve and migrate into the bulk of the material. Thus, 
compounds causing discoloration, odour, or toxicity may be incorporated into the 
material. The remoulding process would not be expected to result in the destruction of 
dissolved contaminants; discoloration by impurities may become worse as a result of 
the thermal treatment. Thus, remoulded material may not be usable for the original 
function, but may need to be employed in a less demanding (typically lower value) 
applications.  
Degradation: Polymers are subject to detrimental changes in their macroscopic 
properties due to subtle changes in molecular structure that can result from 
environmental factors: UV light, thermal-oxidative processes that can occur during 
moulding or even at room temperature, attack by pollutant gases in urban 
environments, chemical interaction with liquid contents, and others. 
For the above mentioned reasons, a careful separation is performed to obtain 
polymers as homogeneous as possible. By using the floatation method, generally two 
fractions are obtained from municipal post-consumer PSW: a light fraction, floating 
on water, and a heavy fraction. The former is essentially made of HDPE, LDPE, and 
PP, commonly known as polyolefin, that exhibit a similar density. Polyolefin are that 
class of thermoplastic polymers synthesised by the addition reactions of unsaturated 
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monomers (alkyl-ethylene). HDPE, LDPE and PP differ structurally in the number and 
length of branches, whose presence tends to reduce the amount and size of crystals, as 
well as their melting and crystallisation temperatures (Ojeda et al. 2011).  
Polyethylene (PE) consists of long chains of the monomer ethylene (CH2=CH2) 
and is produced through polymerisation of ethane, and contains small proportions of 
additives. There are two major categories in PE: high-density polyethylene (HDPE) 
and low-density polyethylene (LDPE). HDPE is chemically the closest in structure to 
pure polyethylene. It consists primarily of unbranched molecules with very few flaws 
to mar its linearity, whereas LDPE contain substantial concentrations of branches that 
hinder the crystallisation process, resulting in relatively low densities. As a result of 
these branches, HDPE has a high degree of crystallinity (typically 60-80%) and a high 
melting temperature of 135°C and high density of 0.94-0.97 gm/cm3 , while LDPE has 
lower crystallinity (40-60%) and a melting temperature of 125°C and density of 0.90-
0.94 gm/cm3 (Peacock 2000). HDPE is widely used in shampoo and detergent bottles, 
milk jugs, cosmetics, motor oil, toys, shopping bags etc. Similarly, LDPE alone is used 
in shopping bags, six-pack rings, hard drive casings, CD and DVD cases. 
Polypropylene (C3H6)x (PP) has a semi-crystalline polymer structure similar to 
PE and is produced through polymerisation of propylene gas. PP has an excellent 
resistance to stress, low specific gravity, and good mechanical properties such as 
excellent impact strength. It has a melting point of 160-165°C, and has low density 
(0.85 gm/cm3 with amorphous, 0.95 gm/cm3 with crystalline) and higher stiffness and 
strength than HDPE. It is used in a wide range of applications, including food 
packaging, plastic parts and reusable containers of various types (Lieberman & Stewart 
2002). 
Despite chemically similar nature of the three main components, the 
mechanical properties of the recycled mixture of polyethylene and polypropylene are 
quite different mainly because of the incompatibility and the possible presence of some 
heterogeneous particles in PSW. Polyolefin blends have been studied for many years, 
and there have been many discussions about their immiscibility. Bertin and Robin 
(2002) have discussed the incompatibility of LDPE and PP. In LDPE rich blends, a 
heterogeneous PP dispersion in the LDPE matrix produces two phases in the melt and 
the low interfacial adhesion between the phases is responsible for a decrease in 
mechanical properties especially related to morphology, including impact strength, 
strain at break and ductile to brittle transition (Strapasson et al. 2005). Similarly,  
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Bartlett, Barlow and Paul (1982) have studied the mechanical properties of binary 
blends of HDPE and PP and found that this blend is better than other immiscible pairs 
but the property strongly depends upon the process conditions. Shanks, Li and Yu 
(2000) have studied different blends of PP, HDPE, and LDPE under differential 
scanning calorimetry and optical microscopy and found that the morphology is 
distinctly different in each case and that the rates of crystallisation show that a phase-
separated blend is present. Hence, to find the building and construction applications of 
recycled mixed PSW, the reduction of mechanical properties due to immiscibility must 
be addressed. 
2.4  Methods to improve properties of recycled mixed PSW 
Plastic solid waste (PSW) are in mixed form and separating the chemically different 
plastics from each other is expensive. In addition, there are batch-to-batch variations 
in properties of recycled polymers because of variability in the source and the 
composition of a given stream (Liang & Gupta 2002). The following are some of the 
methods to improve properties of recycled mixed PSW. 
2.4.1  Mix design 
To minimize the variations of the mechanical properties of the recycled plastics, 
several researchers have studied the different composition of mixed plastics. Liang and 
Gupta (2000) reported that 15% of recycled polycarbonate could be mixed with 
chemically identical virgin resins without altering the rheological or mechanical 
properties. Further to this, Liang and Gupta (2002) studied the mechanical properties 
of recycled polycarbonate (PC) /acrylonitrile-butadiene-styrene (ABS) product with 
50 wt. % virgin ABS, 0-25 wt. % low molecular weight virgin PC and 25-50 wt. % 
high purity recycled PC. Their results showed that these blends could yield consistent 
quality resin blends with a high recycle content. This suggests that consistent 
mechanical properties can be obtained from the mixed PSW if designed properly. 
Similarly polyethylene and polypropylene are generally immiscible and 
incompatible, thus their mixtures are expected to be poor in mechanical properties 
(Teh, Rudin & Keung 1994). However, Liang, Tang and Man (1997) reported that PP 
was miscible with LDPE with a blending ratio of 50/50. Li, Shanks and Long (2001) 
studied the blends containing 20% by mass of PP and LDPE and found that PP and 
LDPE may be miscible at some temperatures. Similarly, a HDPE/PP blend studied by 
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Schürmann et al. (1998) exhibited a maximum impact strength at a certain composition 
which means they are not incompatible. This suggests that if the mixed plastic is 
designed correctly then specific mechanical properties can be achieved. Schürmann et 
al. (1998) further noted that the effect is even more pronounced if a compatibiliser is 
added. Thus, the compatibility between mixed PSW can be improved by adding a third 
component such as compatibiliser, additives or fillers. 
2.4.2  Compatibilisation 
Compatibiliser refers to an additive used to improve the miscibility and properties of 
a polymer blend. It can act like solid surfactants, reducing the interfacial tension 
coefficient, reducing the size of the particles of one polymer dispersed in the other, 
often improving their dispersion. Others functions of compatibilisers are to stabilise 
the morphology and to improve the adhesion between the constituents (Pritchard 
2005). This has been proven by several researchers. Şirin and Balcan (2010) found that 
dialkyl peroxide affected the mechanical and thermal properties of a PP and LDPE 
blend. The morphology improved the interfacial energy between the PP and the LDPE 
greatly; hence the tensile properties are also improved significantly with a 30% 
increase in tensile strength. Similarly, Bertin and Robin (2002) have incorporated 
ethylene-propylene copolymer (EPM), ethylene-propylene-diene monomer (EPDM) 
on LDPE/PP blends which have resulted in a sharp effect on properties such as 
elongation at break and impact resistance. There is increment of elongation at break 
but reduction of modulus and tensile strength when the compatibiliser is used as shown 
in Table 2.3. The authors also observed that using rubbers (EPDM) as additives greatly 
influences the resilience due to the elastomeric behaviour of these copolymers which 
act as impact modifiers and influence this property. Penava, Rek and Houra (2012) 
have observed that the addition of EPDM to PP/LDPE blends improved the mechanical 
properties, especially the impact strength in LDPE-rich blends. The compatibilising 
efficiency of EPDM on PP/LDPE blends was confirmed on the improvement of 
elongation, impact strength and brittleness, morphological and phase structure, but 
there was no improvement in tensile strength. 
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Table 2.3 Comparison of mechanical properties with different compatibilisers (Bertin 
& Robin 2002) 
Material Modulus  
(MPa) 
Tensile strength 
at yield (MPa) 
Elongation at 
break (%) 
PSW 256 10.3 449 
PSW+ 5% EPM 228 9.1 515 
PSW+ 5% EPDM 211 8.9 469 
PSW+ 5% graft copolymer 240 9.5 560 
2.4.3  Restabilisation 
The intrinsic resistance of polyolefin materials to oxidative degradation is extremely 
low and, therefore, the use of processing and light stabilisers is necessary to ensure 
high durability (Gensler et al. 2000). Because of pre-damage and the presence of 
impurities of recycled mixed PSW, it degrades faster and differently compared with 
virgin polymers and therefore, specially designed stabiliser systems are required 
according to the previous damage, subsequent application and type of polymer 
(Pfaendner et al. 1995).  
Mixtures of hindered phenols and amine stabilisers are widely used for 
processing stabilisers for polyolefin compounds. As reported in the review conducted 
by Pospíšil, Sitek and Pfaendner (1995), hindered phenols such as Irgafos have shown 
to be very effective long-term heat stabilisers and are the most important antioxidants 
for polyolefin. As the polyolefin is extremely sensitive to oxidative degradation due to 
its high content of tertiary carbon atoms, the addition of stabilisers can produce a 
significant improvement in the lifetime of a polymer (Ojeda et al. 2011).  
Although hindered phenols have shown to be very effective long-term heat 
stabilisers (Zweifel 1998), some of the transformation products of phenolic 
antioxidants can lead to a discolouration of the polymer during service (Klemchuk & 
Horng 1991). On the other hand, hindered amine light stabilisers (HALS) have proved 
to be more effective than hindered phenols, especially with polyolefin (Gensler et al. 
2000). High molecular weight hindered amine stabilisers, which are well known as 
UV-stabilisers, have been promoted as long-term heat stabilisers for polymers, 
especially for polyolefin (Zweifel 1998).  
The results of Kartalis et al. (2000) have illustrated that the  restabilisation is 
mandatory for improving the light stability of unfilled post-consumer plastic. 
Photostabilisers are compounds developed to combat UV degradation. They used 
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Recyclossorb 550, a combination of processing and light stabilisers, especially 
developed for recycling of polyolefin for outdoor applications. The addition of a 
restabilisation system improves the light stability, resulting in excellent retention of 
the tensile impact strength. Their study showed that restabilisation effectively 
eliminates the crack formation on the surface of the recycled material and even 
significantly reduces bleaching and discolouration. Similar results were discussed by 
Kaci, Sadoun and Cimmino (2000) who found that the presence of HALS in the LDPE 
film significantly reduces the rate of decline of the elongation at break and surface 
damage. This is probably due to the role of HALS in retarding a chain scission 
mechanism.  
2.4.4  Reinforcement and fillers 
Generally, the mechanical properties of recycled plastics (shown in Table 2.2) are 
markedly improved by adding fibres since fibres have a much higher strength and 
stiffness (shown in Table 2.4) than those of the matrices. Mineral fillers and fibres are 
used frequently in the plastics industry to achieve desired properties. 
Table 2.4 Properties of selected natural and synthetic fibres 
Fibre Density 
(g/cm3) 
Tensile 
Strength 
(MPa) 
Elastic 
Modulus 
(GPa) 
Yield 
Strain 
(%) 
References 
Natural      
Cotton 1.5 400-900 1-12 3-10 (Beukers 1999) 
Flax 1.5 800-2000 40-85 3-2.4 (Beukers 1999) 
Hemp 1.5 550-900 26-30 1-6 (Beukers 1999) 
Jute 1.4 400-800 10-25 1-2 (Beukers 1999) 
Sisal 1.3 700 46 2-3 (Beukers 1999) 
Synthetic      
E-glass 2.5 3450 72 2.5 (Bank 2006) 
S-glass 2.5 4600 88 3.0 (Bank 2006) 
Aramid 1.4 3500 133 2.7 (Beukers 1999) 
Carbon 1.7 3700-4800 250 1.2 (Bank 2006) 
The interest in natural fibre was generated due to the high material and 
processing cost, toxicity and specific gravity of synthetic fibres. However, the 
efficiency of wood fibre is less than that expected on the basis of the properties of this 
material which is mainly due to the scarce adhesion between the polar filler and the 
apolar matrix (La Mantia 2003). The presence of hydroxyl and other polar groups in 
natural fibres makes them hydrophilic in nature which results in incompatibility with 
the hydrophobic non-polar polymer matrices, especially polypropylene and 
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polyethylene (Xie et al. 2010). Besides this, natural fibre composites absorb high 
amounts of moisture when immersed in water (Shubhra, Alam & Beg 2011). The 
incompatibility between the fibres and polymer matrices, the tendency to form 
aggregates during processing, the variation in quality and price and the difficulty in 
using established manufacturing process  lead to undesirable properties of the 
composites reinforced with natural fibres (Azwa et al. 2013). 
 
Figure 2.4 Tensile properties recycled mixed plastics reinforced with 20 % addition 
of different fibre based on Dintcheva et al. (2001) and Putra et al. (2009) 
The composites with improved structural properties can be obtained from 
recycled plastics by the addition of rigid fillers or reinforcement as shown in Figure 
2.4. This situation was demonstrated better in a number of research works. Dintcheva 
et al. (2001) investigated the effect of three different fillers namely glass fibres, 
calcium carbonate and wood fibres with the mixed plastics and found that glass fibres 
outperforms others by increasing its  tensile modulus from 460 MPa to 935 MPa with 
20 wt. % of glass fibre. However, a reduction of elongation at break was observed.  A 
similar study was done by Putra et al. (2009) on the effect of glass fibre, talc, 
wollastonite and gypsum on the mechanical properties of recycled plastic composites. 
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Both fillers and reinforcement show an increase in the stiffness of the materials. It was 
also observed that there is a reduction of tensile strength for gypsum and wollastonite 
as the fibre percentage increases. Their study found that glass fibres show the best 
results by improving tensile and flexural strength by 30% and a significant increase in 
modulus by 250% with the addition of 30 wt. % of glass fibre. 
As seen in Figure 2.4, the effect of reinforcement is quite similar for tensile 
strength which shows values similar to those of the unfilled material. Whereas, the 
elastic modulus increases with the addition of filler, and wood fibre and glass fibres 
show the best results. The addition of inert fillers strongly improves the rigidity of the 
PSW mixture. These results can be interpreted on both the intrinsic properties and the 
geometry of the reinforcement. Gypsum was not found to improve the properties 
because the particle size of gypsum is smaller and when no surface coating is present, 
small particles tend to agglomerate (Wypych 1999). As discussed by Putra et al. 
(2009), the plate-like structure of talc, the acicular structure of wollastonite and 
spherical particles shape of calcium carbonate exhibit high aspect ratios, which 
improve wetting with the polymer matrix and hence reduce the number of micro-voids 
between the filler and matrix. Synthetic fibres such as glass fibre has the highest aspect 
ratio and gives significant and consistent reinforcement (Hugo et al. 2011). The effect 
of reinforcing glass fibres to recycled plastics are presented in the next section. 
2.5  Glass fibre reinforcement 
Glass fibres are one of the most cost-effective reinforcements for plastic. Short glass 
fibres can be compounded with recycled thermoplastic to obtain recycled products 
with improved property sets. They can be easily obtained from a range of 
manufacturers and their production process is quite energy efficient, so that their use 
in recycled products does not significantly affect their environmental performance.  
As discussed in the recent review by Scelsi et al. (2011),  the main interest in 
using glass fibres in polymer products is their better and more consistent performance 
than other fillers and reinforcements. This is due to the high aspect ratio of the fibres 
(the diameter is in the range of 10-20 µm and final length of 0.5 mm), which translates 
to an excellent reinforcing ability. The mechanical properties of composites are 
markedly improved by adding glass fibres to a polymer matrix since fibres have much 
higher strength and stiffness values than those of the matrices. The increase in material 
integrity and performance when adding glass fibre to recycled mixed plastic has been 
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interpreted by some authors in terms of physical compatibilisation (Shenian 1992), i.e. 
binding of dissimilar resin domains through the fibres as shown in Figure 2.5. The 
important parameters that affect the mechanical properties and durability of recycled 
mixed plastics reinforced with glass fibres are presented in the following sections. 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Schematic diagram of physical compatibilisation (Shenian 1992) 
2.5.1  Effect of reinforcement content 
The addition of glass fibre from 10% to 30% by weight result in a substantial increase 
in elastic modulus, accompanied by an increase in strength with reduced ductility 
(Xanthos et al. 1995). A comparison of the effect of the amount of glass fibre 
reinforcement based on the results of studies conducted by several researchers is 
shown in Figure 2.6. Since different authors have used different materials, the strength 
and modulus data have been normalised by dividing the strength and stiffness of the 
specimens reinforced with fibres to that of the unreinforced samples for each author. 
Thus, Figure 2.6(b) to 2.6(e) shows the normalised tensile and flexural properties of 
the composites dealing with the addition of glass fibres. From Figure 2.6(a), it can be 
seen that with the addition of 30% glass fibres, the elongation of break can reduce from 
25% to 2%. Figure 2.6(b) and Figure 2.6(c) show the normalised tensile strength and 
flexural strength respectively, and the figures indicate that these properties can be 
increased by up to 3.5 times with the addition of 30% glass fibre. Figure 2.6(d) shows 
that the addition of 30% glass fibre results in the largest improvement in the tensile 
modulus of up to 5.5 times. This may be attributed primarily to the enhanced interfacial 
adhesion resulting from the presence of a matrix with increased polarity that may react 
or interact more favourably with the silane coupling agent present on the glass fibres. 
It can be seen that the addition of glass fibre does not produce a linear increment of 
strength and stiffness properties. In most cases, there is not much improvement in the 
mechanical behaviour at the higher glass fibre content which is due to the lack of fibre 
Glass fibre 
Polymer 1 
Polymer 2 
Polymer 3 
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wetting with the matrix. Furthermore, comparing the effect of glass fibre content on 
the tensile and flexural behaviour, it can be seen that that the glass fibre reinforcement 
produces a different set of improvements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Mechanical properties of glass-fibre reinforced thermoplastic 
 Pegoretti and Penati (2004) reinforced recycled PET with E-glass fibre of 
4.5mm length in 15% and 30% by weight. There was remarkable increase in tensile 
strength, tensile modulus and impact strength. There was not significant change on the 
elongation at break. A similar study was done by Rezaeian et al. (2009) on the 
specimens of recycled PET with 10 to 30 wt. % of silane-modified short glass fibres 
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(GF) having an average length of 4.5 mm, diameter of 11 µm, and L/D equal to 409. 
They discovered that the mechanical properties in glass fibre reinforced composites 
are governed by morphological characteristics of the composite, such as orientation of 
glass fibre (GF) and extent of interaction between the glass fibres and matrix. One of 
the major findings of this study is that the aspect ratio of GF decreases due to the 
mixing process from 409 before mixing to about 20 after the mixing which further 
reduces for higher fibre content as shown in Table 2.5.  
Table 2.5 Comparison of glass fibre dimensions after mixing with PET (Rezaeian et 
al. 2009) 
Specimen Aspect Ratio (L/D) Length of modified GF 
after mixing (µm) 
PET70/GF30 19.72 216.96 
PET80/GF20 20.42 224.62 
PET90/GF10 22.49 247.42 
Fibre breakage results from fibre-polymer interaction, fibre-fibre interaction, 
and fibre contact with surfaces of processing equipment which results in fibre length 
decreasing with the increasing fibre content (Fu et al. 2000). This large decrease in the 
aspect ratio due to the mixing process has a negative effect on the mechanical 
properties, but it can have a positive impact on flow behaviour. The shorter the fibre, 
the higher the possibility for their proper orientation in the matrix. Furthermore, the 
SEM micrographs indicate that the fracture of the glass fibres is directly proportional 
to the weight percentage of the glass fibres in the samples. 
They further observed that due to the fibre breakage, the highest glass content 
facilitate their orientation in the flow direction. This behaviour was also discussed by 
La Mantia and Ma (1995). They mentioned that the properties of PET/HDPE blends 
reinforced with 20 wt. % of glass fibre increased by about 50% for the modulus, by 
110% for tensile strength and reduced by about 20% for the elongation at break without 
impairing processability. The higher content of glass fibre further improved some 
properties but impair not only the processability but also the elongation at break.  
 Thus it can be concluded that the mechanical properties of recycled mixed 
plastic waste with glass fibre shows better improvement as observed by Xanthos and 
Narh (1998), AlMaadeed et al. (2012), Hugo et al. (2011), Putra et al. (2009), 
Dintcheva et al. (2001). AlMaadeed et al. (2012) have reported that the melt flow index 
decreased with the increase in the fibre content because of the high weight and the 
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increase in the viscosity of the composite. A similar condition was reported by Hugo 
et al. (2011) who reported that due to the high cost and processing limitations for the 
recycled composite, the maximum amount of glass fibre which can be incorporated 
into the product is 30% by weight. With the addition of glass fibre, the effect of 
reinforcement content in recycled plastic composites can be summarised in Table 2.6. 
Table 2.6 Effect of reinforcement content on composite properties 
Improvement in: Reduction in: 
Mechanical Strength Elongation at break 
Mechanical Modulus Aspect Ratio 
Orientation Melt flow 
Viscosity Processability 
2.5.2  Effect of coupling agent/compatibiliser 
Glass is polar in nature whereas polymer is nonpolar (La Mantia 2003). These two 
materials are naturally incompatible and do not form hydrolytically stable bonds. 
Fillers are often coated with coupling agents to enhance chemical bonding between 
filler particles and the polymer matrix. Some of the oldest types of coupling agents are 
organo-functional silanes. Silane compounds impart a hydrophobic character to the 
fibre surface and coupling is achieved through compatibility of their organo-functional 
groups with polymers, whereas the hydroxyl groups bond to the mineral. The increase 
in interfacial adhesion results in a material with increased mechanical properties.  
Another way to increase the compatibility between the glass fibre and 
polyolefin matrix is the use of graft or block polyolefin containing chemical functional 
groups that can react with silanol groups on glass and at the other end the organo-
functional group can react with the polymer which leads to the interfacial bond (Karian 
2003). Compatibilising agents are most often used to improve the interfacial adhesion 
between the blended polymers. Adding compatibilisers with reactive functional 
groups, it also improves adhesion at the polymer/filler interface which results in a more 
efficient stress transfer and better dispersion (Kulkarni & Mahanwar 2013).  
The selection of an appropriate coupling agent involves identification of a 
suitable group of agents that is compatible with the targeted polymers (Karian 2003). 
Although there is no fundamental rule regarding this relationship, several researchers 
have reported notable improvements in the stiffness and yield strength of polyolefin 
composites with the use of methacrylate and amino silanes. Bikiaris et al. (2001) 
suggested that the fibre/matrix interfacial adhesion was improved with ϒ-
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methacryloxypropyltrimethoxy silane (ϒ-MPS) treatment. The extent of interfacial 
adhesion is also reflected in the mechanical properties of the material. They further 
mentioned that functionalized copolymers can be used as adhesion promoters in 
thermoplastic composites. Of all materials investigated in their study, the best 
mechanical properties were exhibited by composites coupled with polypropylene 
grafted maleic anhydride (PP-g-MA). The tensile strength, modulus and impact 
strength of the composite increased from 8.54 MPa, 469 MPa and 106 J/m, 
respectively to 14.46 MPa (69%), 1290 MPa (175%) and 170 J/m (60%), respectively 
reflecting the strong interfacial adhesion achieved with PP-g-MA. 
This situation has been further validated by many researchers. Yang et al. 
(2012) investigated the effect of three kinds of compatibilisers (polypropylene grafted 
maleic anhydride (PP-g-MA), polyolefin elastomer grafted maleic anhydride (POE-g-
MA) and ethylene propylene diene monomer grafted maleic anhydride (EPDM-g-MA) 
on the mechanical properties of long glass fibre reinforced polyamide and  found that 
the maximum tensile strength is reached for the composites when any of the different 
compatibilizers are 2.5 wt. %. Fu, He and Chen (2010) studied the mechanical 
properties of short glass fibre-reinforced polypropylene (SFPP) and long glass fibre-
reinforced polypropylene (LFPP) with the addition of three different compatibilisers, 
namely octane–ethylene copolymer, maleic anhydride grafted octane–ethylene 
copolymer and polypropylene grafted maleic anhydride (PP-g-MA). The results show 
that the PP-g-MA outperforms the other compatibilisers and improved the adhesion 
due to chemical coupling. Figures 2.7(a) and 2.7(b) are the scanning election 
microscopy (SEM) photomicrographs of the fracture surfaces of LFPP with and 
without PP-g-MA, respectively. The figures show that the adhesion between the glass 
fibre and the matrix is weak without the compatilibiliser (Figure 2.7(a)) but were 
enhanced with the addition of PP-g-MA (Figure 2.7(b)). Furthermore, Figures 2.7(c) 
and 2.7(d) show the effect of different concentrations of PP-g-MA on the notched 
impact strength and tensile strength respectively, which are greatly improved by the 
addition of 2 wt. % of PP-g-MA after which the increment of PP-g-MA concentration 
does not produce significant improvement. 
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(a) LFPP without PP-g-MA (b) LFPP with 6% PP-g-MA 
 
 
 
 
(c) Notched impact strength for different 
concentration of PP-g-MA 
(d) Tensile strength for different 
concentration of PP-g-MA 
Figure 2.7 Effect of compatibilisers on adhesion and mechanical properties of glass 
fibre reinforced polypropylene (Fu, He & Chen 2010) 
2.5.3  Effect of processing conditions 
The production of short glass fibre-reinforced mixed plastics is generally carried out 
with the injection moulding process. Attempts to injection mould glass/polymer blends 
directly, however, can lead to problems of poor surface finish, high differential 
shrinkage and variable strength due to the presence of undispersed glass bundles in the 
finished article (Richards & Sims 1971). It is therefore usual to extrusion-compound a 
blend of glass fibre and polymer to provide the initial wetting and dispersion of the 
glass fibres (Lunt & Shortall 1979). The resultant extrude is then pelletised to provide 
material suitable for injection moulding. This pre-compounding stage can lead to 
significant fibre attrition which can have an appreciable effect on the mechanical 
properties of the final composite. In the case of mixed recycled plastics, this stage can 
also affect the morphology and crystallisation of the blends which affect the 
mechanical properties of the blends.  
The study conducted by Bartlett, Barlow and Paul (1982) on HDPE/PP blends 
found that the extrusion or blending temperature primarily affected the phase 
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morphology but the strength and modulus were not greatly affected. However, the 
moulding temperature has a significant effect on crystallisation behaviour which 
affected the mechanical properties.  The higher melt temperature resulted in reduced 
modulus and strength and a corresponding increase in elongation at break; all of which 
are consistent with a lower level of crystallinity. 
Another study conducted by Dintcheva et al. (2001) who processed a light 
fraction of plastic waste with different number of extrusion steps found that the 
elongation at break slightly decreases with an increasing number of extrusions, 
whereas the elastic modulus and the tensile strength increase. They further reported 
that elastic modulus and tensile strength are almost uninfluenced by the processing 
machine. On the contrary, the elongation at break and the impact strength show some 
dependency on the processing apparatus. In particular, the material recycled in the twin 
screw compounder shows the best properties with the elongation at break at 12% and 
impact strength at 66 J/m, whereas the material recycled in the single screw extruder 
has an elongation at break at 9.1% and impact strength at 63 J/m. 
Similar results were observed by Bertin and Robin (2002). A twin-screw 
extruder, with important shearing and mixing sections, produced LDPE/PP blends 
with better tensile strength properties and more homogeneity. These improvements 
were especially observed from stress-strain testing in which all the properties 
increased. The elongation and tensile strength at break were clearly higher than those 
obtained by single-screw extrusion, which confirms a more important homogeneity in 
the blend microstructure. 
The study conducted by La Mantia and Ma (1995) showed that the rate of 
cooling can also significantly affect the mechanical properties of the composites. They 
observed that in the case of rapid cooling (500°C/min) of PET/PE composites, the 
tensile strength rises by 40-90% for the samples with 20 % by weight of glass fibre 
and by 20-80% for the samples without glass fibre; the elongation at break increases 
by 40-150 % and 200-300%, while the modulus decreased by only 5-10% and 10-30% 
for the samples with and without 20% by weight of glass fibre, as compared with the 
data obtained under slow cooling conditions (100°C/min). 
The reduction in fibre length during extrusion and injection moulding of glass 
fibre-reinforced polymers has been studied by many researchers. Gupta et al. (1989a) 
found that the fibre attrition was severe in injection moulding apparently because of 
the higher shear rates and also because the fibres have to pass through narrow channels. 
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The authors claim that the directly injected-moulded sample and the sample prepared 
from the once-extruded sample contain regions in which the fibre distribution is not 
uniform and fibre bundles are present. Samples subjected to further processing history 
show improved dispersion. Their results further indicate that during extrusion, the 
breakage of fibres occurs predominately in the melting zone at the solid-melt interface. 
The cause of fibre breakage during extrusion can be visualised as a two-stage 
phenomenon: 
 First, the fibres which are exposed by surface melting of the granules close to the 
barrel wall of the extruder, interact with the flowing melt and experience a bending 
moment which can result in fibre breakage 
 Second, the broken pieces flow with the polymer melt and can experience further 
breakage due to post-buckling deformation 
de M. Giraldi et al. (2005) investigated the mechanical properties of recycled 
polyethylene terephthalate (PET) reinforced with 20 wt. % of glass fibre, focusing on 
the influence of two variables involved in the extrusion process: screw speed and 
torque as shown in Table 2.7. They found that the screw torque of 60% was the 
significant factor for increasing impact strength of those composites and screw speed 
of 200 rpm was the significant factor for increasing Young’s modulus as shown in 
Figure 2.8. The Melt Flow Index (MFI) increased significantly with the increase in 
the screw speed, indicating that a reduction in the molecular weight of the chain may 
have occurred due to shearing effects. A higher screw torque means more material 
being transported at the same screw speed or that the screw channel is being fed with 
a greater volume of material, which could affect the fibre aspect ratio. 
Table 2.7 Processing conditions of PET/GF composite adapted from (de M. Giraldi 
et al. 2005) 
PET/GF Processing conditions 
1 2 3 4 5 
Rotation (rpm) 100 100 200 200 150 
Torque (%) 40 60 40 60 50 
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Figure 2.8 Mechanical properties of PET and glass fibre composites with different 
processing conditions (de M. Giraldi et al. 2005) 
2.6  Durability Performance 
The lack of a comprehensive study of the durability of polymers and their composites 
as related to civil engineering applications has been identified as a major inadequacy 
for the widespread acceptance of these materials by structural designers and civil 
engineers (Karbhari et al. 2003). During the exposure of polymers (or their 
composites) under different environmental conditions, there is a reduction in the 
material properties due to the slow and irreversible variation of the structure of the 
polymer and its morphology. The instability of the material during in-service use or its 
interaction with the environment into which it is placed is one of the causes of this 
change (Hollaway 2010). One of the major concerns of this material is the performance 
under elevated temperature, oxidation due to UV rays and the ingress of moisture 
which is discussed below. 
2.6.1  Effect of elevated temperature 
A critical technical barrier for widespread use of fibre reinforced polymer (FRP) in 
structural engineering application is the influence of temperature on the material 
(Hollaway 2010). The influence of temperature on polymers can be separated into two 
effects, namely short term and long term. The short-term effect is generally physical 
and is reversible when the temperature returns to its original state, whereas the long-
term effect is generally dominated by chemical change that is not reversible. When 
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FRP composite materials are exposed to high temperature (300-500°C) the polymer 
matrix will decompose and release heat and toxic volatiles. When heated to lower 
temperatures in the region of 100-200°C, FRP composites will soften, creep and 
distort, and this degradation of the mechanical properties often leads to buckling 
failure mechanisms of load-bearing composite structures (Mouritz & Gibson 2007). 
This has been validated by many researchers. A study performed on the plastic lumber 
made up of recycled plastic and sawdust by Carroll et al. (2001) at -23.3°C to simulate 
winter conditions and 40.6°C to simulate summer conditions also suggests that the 
high temperature strength and stiffness was lower than at low temperature as shown in 
Table 2.8, so the high temperature values would determine the allowable strength and 
stiffness for design. They further report that plastic lumber have properties comparable 
to wooden lumber during winter however during summer it has much less strength 
than wooden lumber.  
Table 2.8 Results of mechanical tests simulating winter and summer conditions 
(Carroll et al. 2001) 
Material Property Cold Test  at -23.3°C Hot Test  at 40.6°C 
Compression Strength 37.3 MPa 16.8 MPa 
Compression Modulus 22.5 GPa 5.79 GPa 
Flexure Strength 37.7 MPa 12.0 MPa 
Flexure Modulus 4.52 GPa 1.03 GPa 
Tensile Strength 7.52 MPa 1.45 MPa 
Tensile Modulus 3.59 GPa 1.12 GPa 
Shear Strength 11.7 MPa 5.31 MPa 
Table 2.9 presents the study conducted by Gupta et al. (1989b) on the effect of 
elevated temperature on the tensile properties of unreinforced and reinforced PP. They 
found that at low temperatures, both specimen show brittle behaviour whereas at 
higher temperature, they show ductile behaviour. It further indicates that there is a 
reduction of more than 50% tensile strength for the rise in temperature from 20°C to 
55°C for both reinforced and unreinforced samples. However, with the introduction of 
glass fibre, the reduction in both tensile strength and modulus at elevated temperature 
is lower than that of unreinforced samples as shown in Table 2.9 and Figure 2.9. The 
authors further noted that with an increase in test temperature, the interfacial shear 
strength decreases for all composite samples which can arise either from a weakening 
of the chemical bond or from the relaxation of thermal stresses and the decrease of 
bond strength at the fibre-matrix interface. 
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Table 2.9 Effect of temperature on the tensile strength of unreinforced and glass fibre 
reinforced PP (Gupta et al. 1989b) 
Temperature 
(°C) 
Tensile Strength (MPa)  Reduction in strength (%) 
PP PP+30% GF  PP PP+30% GF 
-43 73.9 121.8  - - 
20 35.7 65.6  52 46 
55 18.2 45.6  75 63 
90 12.6 29.6  83 76 
 
 
Figure 2.9 Effect of temperature on the tensile modulus of unreinforced and glass 
fibre reinforced PP (Gupta et al. 1989b) 
2.6.2  Effect of ultra violet radiation 
Pure aliphatic hydrocarbons should be impervious to ultra violet (UV) degradation and 
should not absorb the UV radiation present in sunlight. It is generally assumed that 
impurities, or chromophores, which absorb UV light, initiate the photooxidation of 
commercial polyolefin (Rabek 1995). Most of the commercial organic-based 
polymers, used in the building and construction industry, undergo photodecomposition 
(in the absence of oxygen) and photooxidation (presence of oxygen) not only outdoors 
through exposure to sunlight but also indoors through exposure to fluorescent light (Ito 
& Nagai 2008). The polymers contain chromophoric groups such as carbon-carbon 
double bonds (C=C) and carbonyl groups (C=O), which are capable of absorbing ultra 
violet (UV) energy and are involved in the photoreactions that result in the degradation 
of the polymer. The photodegradation of polyolefin originates from excited polymer–
oxygen complexes and is caused mainly by the introduction of catalyst residues, 
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hydroperoxide groups, carbonyl groups, and double bonds during polymer 
manufacturing. The most likely oxidation reactions caused by UV radiation are 
represented in Figure 2.10.  
 
Initiation 
**RH HR
h
   
Propagation 
** 2 ROOOR   
** RROOHRHROO   
Chain branching 
** HOROROOH   
OHROROOROOH 2**2   
                                                ** RROHRHRO   
                                                OHRRHHO 2**   
 
Figure 2.10 Oxidation reactions initiated by UV radiation (White & Turnbull 1994) 
Even in the absence of a significant amount of UV absorption, small amounts 
of these impurities can be sufficient to induce polymer degradation (Stark & Matuana 
2003). Once initiation has occurred, the long-chain molecule, RH, is converted into a 
free radical, R* in the presence of UV light (White & Turnbull 1994). During the 
propagation, oxygen usually participates in degradation reactions of polymers as a free 
radical species (Feldman 2002). Although an oxidative degradation reaction can occur 
at normal temperatures and in the absence of UV light, the most common effects result 
from the combined action of oxidation and thermal degradation or photodegradation. 
In the second step, RH can be a suitable macromolecule. Because of the chain 
nature of this reaction, even small concentrations of free radicals can result in 
significant amounts of oxidative degradation. During branching, the primary oxidation 
product, the hydroperoxide ROOH, is thermally and photolytically unstable. It 
decomposes to produce two radicals, each of which can participate as R* in the chain 
process that can extract hydrogen atoms from the polymer and thus initiate the photo-
oxidation. Thus, it can be concluded that the absorbed UV light energy causes the 
dissociation of bonds (mostly C–C and C–H) in the molecules of one or more of the 
constituents of a polymeric material by a homolytic process to produce free radicals as 
the primary photochemical products. This event, with or without the participation of 
oxygen, can lead to the breaking of the polymer chains, producing radicals and 
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reducing the molecular weight, causing the deterioration of mechanical properties and 
leading to useless materials after an unpredictable time (Yousif & Haddad 2013). 
Several studies have been done conducted to study the effect of UV radiation 
on the mechanical and chemical properties of polymers. A one year  natural weathering 
study conducted on LDPE by Al-Madfa, Mohamed and Kassem (1998) found that 
outdoor exposure of LDPE for time intervals of 1-4 months appears to be beneficial to 
the measured strength parameters of the material. However, such exposure reduced the 
ductility of plastics to the extent of total embrittlement. He further mentioned that the 
cross-linking in LDPE exposed to weather starts to be effective after one week of 
ageing. Tidjani, Arnaud and Dasilva (1993) exposed low-density polyethylene (LDPE) 
to both natural and accelerated weathering and examined the elongation at break in 
conjunction with the formation of carbonyl and vinyl groups after weathering. They 
determined that in the initial stages of accelerated weathering, the mechanisms of 
degradation result in a predominance of crosslinking reactions over chain scission.  
In a later study, Tidjani (2000) has expanded on this explanation, concluding 
that the crosslinking that occurs after accelerated weathering  reduces the 
concentration of radicals that take part in the oxidation process. The author suggested 
that a relatively high level of oxidation was necessary to overcome crosslinking and 
decrease elongation. Under accelerated conditions, the polymer retains desirable 
elongation at the beginning but then it falls dramatically to its lowest value. On the 
other hand, this decrease in elongation is observed from the very beginning of UV 
exposure during natural weathering.  
A complementary explanation came from Jabarin and Lofgren (1994), who 
also examined the structural changes of HDPE after natural and accelerated 
weathering. They reported an increase in the concentration of carbonyl and vinyl 
compounds, an increase in crystallinity, and a decrease in molecular weight after 
natural weathering. They determined that as PE undergoes photo-oxidation during the 
course of UV exposure, chain scissions occurs, as evidenced by an increase in the 
concentration of carbonyl and vinyl groups and a decrease in molecular weight. These 
authors concluded that shorter chains have higher mobility and crystallize readily, 
resulting in an apparent increase in crystallinity. As UV exposure continues, chain 
scission continues to affect molecular weight and crystallinity, which leads to the 
embrittlement of the PE, which corresponds with a decreased elongation at break. 
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Goel et al. (2008) studied the effect of UV exposure on the mechanical 
properties of long fibre thermoplastic composites. They mentioned that, in the case of 
glass fibre reinforced polymer, more chromophores are added in the form of functional 
groups present in the sizing applied to the glass fibres for better bonding with the 
polymers. These chromophores accelerate the photo-oxidation of polymer and hence 
more damage is seen in the surface layer of the composites in terms of greater change 
in crystallinity and modulus as shown in Figure 2.11.  
 
Figure 2.11 Modulus versus UV exposure of glass fibre reinforced PP (Goel et al. 
2008) 
The explanation for the reduction of the mechanical properties has been shown 
by optical microscopy images of the polished cross-section of the UV exposed 
specimen at different stages of exposure which shows the progression of damage. At 
100 hours, the cracks appear to start at the surface and propagate inward. After 1600 
hours of exposure, the material shows more cracks and the distinct contrast between 
the damaged and the undamaged layer as shown in Figure 2.12. Furthermore, the 
scanning electron microscopy micrographs in Figure 2.13 showed the degradation of 
the surface after UV exposure. For the unexposed specimen, the glass fibres are well 
bonded to the matrix. After UV exposure, the damage in the matrix in the form of 
cracks as well as debonded fibre was observed. Most of the matrix in the surface region 
disappeared and fibre was exposed to the surface. 
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After 100 hours 
 
After 1600 hours 
Figure 2.12 Polished cross section of glass fibre reinforced PP exposed to UV (Goel 
et al. 2008)   
 
 
Unexposed Exposed for 1600 hours 
Figure 2.13 SEM of glass fibre reinforced PP exposed to UV radiation (Goel et al. 
2008) 
2.6.3  Effect of hygrothermal condition 
Thermoplastics and their corresponding composites are sensitive to changes in the 
environment and their mechanical properties may vary considerably with 
environmental conditions (Lin, Zhou & Dai 2002). Variations in temperature and 
moisture are always encountered by these materials in service. This combined effect 
is known as hygrothermal ageing and can be more damaging to the mechanical 
properties of the composites (Mohd Ishak et al. 2000b). Moisture uptake causes 
increased mobility of the molecular chains and side groups, causing a reversible 
plasticisation, which ultimately lower the glass transition temperature of the polymer. 
A permanent weight loss occurs because of chain dissociation or chain segmentation, 
which is referred to as hydrolysis.  In some cases, hydrolysis may cause material 
damage, such as micro-cracking and accelerated moisture absorption (Chevali, Dean 
& Janowski 2010).  
Temperature, and for some composites, moisture, are among the most severe 
influential variables encountered during service. Absorbed moisture not only 
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plasticises the matrix but it also attacks the fibre-matrix interface (Mohd Ishak et al. 
2000a). Balatinecz and Park (1997) observed that strength and stiffness properties 
decreased significantly with increasing temperature for both PP and HDPE based 
composites. Similar results were reported by Pegoretti and Penati (2004) who observed 
that there was a marked reduction of the tensile strength and strain at peak of recycled 
PET matrix and its composites during hygrothermal ageing at 70°C. They noted that 
the tensile modulus is practically constant over the entire degradation period. The 
tensile strength and strain at peak fell from 120 MPa to 40 MPa and 1.4% to 0.5%, 
respectively in 32 weeks. Figures 2.14 and 2.15 show the unaged and aged SEM of 
recycled PET and recycled PET with 30% glass fibre, respectively. Figure 2.14 clearly 
shows that the fracture surface of unreinforced PET after immersion in water at 70°C 
for 24 weeks is much smoother (i.e with a lower degree of plastic deformation) than 
the corresponding unaged material. The comparison of the fracture surface of PET 
composite with 30 wt. % of glass fibre (Figure 2.15) shows that there is evidence of 
some matrix cracking and a marked weakening of the fibre-matrix interface resulting 
in a fibre-matrix debonding after ageing. 
  
(a) Unaged (b) Aged 
Figure 2.14 Scanning electron micrographs of fracture surfaces of recycled PET  
(Pegoretti & Penati 2004) 
  
(a) Unaged (b) Aged 
Figure 2.15 Scanning electron micrographs of fracture surfaces of  recycled PET 
with 30% glass fibre (Pegoretti & Penati 2004) 
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Several studies have shown that the rate of water absorption by a composite is 
also dependent on the type of fibre and matrix, the difference in water concentration 
between the composite and the environment, and whether the absorbed water reacts 
chemically with the matrix. For instance, in case of natural fibre, as studied by Lin, 
Zhou and Dai (2002), the moisture absorption increased with increasing wood flour 
content. This is due to the fact that with the increase of wood flour content, the gap 
and flaw at the interface would increase as a result of the poorer dispersion and 
wettability of wood flour. Consequently, all three regions; the lumen, the cell wall, and 
the gap and flaw; increased. On the other hand, in case of short glass fibre-reinforced 
polybutylene terephthalate (PBT) composites, Mohd Ishak et al. (2000b) reported that 
the incorporation of fibres resulted in a reduction of the equilibrium moisture content 
as shown in Table 2.10 which is associated with the decrease in the volume of 
hygroscopic PBT matrix with increasing fibre content. 
Table 2.10 Effect of fibre content on diffusivity and equilibrium moisture content at 
90oC (Mohd Ishak et al. 2000b) 
Fibre content Diffusivity (x 10-11, m2s-1) Equilibrium moisture content (%) 
0% 3.11 0.71 
10% 2.79 0.63 
20% 1.79 0.57 
30% 1.12 0.53 
2.7  Opportunities for research and development 
Recycled mixed PSW are now being used as substitute for timber in several 
construction applications; mainly in outdoor applications such as park benches and 
fences because they are more resistant to moisture and biological attacks than wood. 
While useful as an early replacement for wood in such basic applications, suitable end 
uses seems constrained by a number of fundamental limitations in material properties. 
The lower modulus of elasticity (<20% of timber value) and strength properties 
compared to low strength timber as per AS 1720.1 (2010), limits their use in structural 
applications. 
In an attempt to expand the potential use of mixed PSW in structural 
applications, many researchers have investigated the effect of different fillers/fibres 
and found that glass fibres show the best improvement of the mechanical properties of 
recycled mixed plastic waste. However, the mechanical properties of glass fibre-
reinforced thermoplastics extracted from literature reviews presented in Figure 2.6 
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shows significant variation thus characterisation of the mechanical properties of 
recycled mixed PSW composites is necessary. It is also clear that the engineering 
properties of polyolefin composites vary depending on the processing conditions and 
the compatibiliser used in manufacturing. The differences in engineering properties of 
polyolefin produced by different manufacturer highlights the need for the development 
of a grading system for differentiating the structural properties. 
Despite the preceding findings, a gap remains in understanding the other 
important properties such as compressive and shear behaviour of the mixed PSW and 
its composites which are important properties to be investigated for civil engineering 
materials. In addition, there are currently no standards or design guidance for the use 
of mixed plastic composites in design. Most of the infrastructures made from mixed 
recycled plastics use existing design guidelines which were developed for other 
traditional materials such as timber and steel. For example, bridges at Fort Eustis 
Project incorporated the AREMA Manual and Virginia Department of Transportation 
(VDOT) specifications for design and construction (Kim & Chandra 2011). Also the 
short span highway bridge at Ohio were designed to load and resistance factor design 
(LRFD) specifications. The railroad plastic/composite crosstie discussed by Nosker et 
al. (1998) was developed using the standard hardwood tie specification. Hence, there 
is a need for standardised materials specifications and design guidance for glass fibre-
reinforced recycled mixed plastic solid waste composites (GMPC) so that the 
construction industry understands the properties of these composites and can put them 
to use in appropriate applications. 
Due to the high cost and processing limitations, the maximum amount of glass 
fibre which can be incorporated in the recycled composites is 30% by weight. Thus, to 
further increase the strength and stiffness of the composites, compatibiliser in 
appropriate amount can be incorporated into the fabrication of GMPC to increase the 
adhesion between different polymers as well as glass fibre which results in the 
improvement of mechanical properties. The effect of these compatibiliser on the 
mechanical properties and durability of mixed PSW and GMPC shall be examined for 
recycled mixed PSW composites. For higher durability of polymer composites, 
stabilisers are incorporated into polymers during manufacturing (Hollaway 2010). 
Hindered phenols and hindered amine stabilisers are compounds developed to combat 
oxidation. However, much of the available information on photostabilisers covers 
solely the photostabilisation of unfilled plastic (Stark & Matuana 2003). Thus, there is 
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limited understanding of the effect of these stabilisers on the mechanical properties of 
mixed PSW and GMPC. 
The mechanical properties of GMPC under different environmental conditions 
such as elevated temperatures, thermo-oxidation and hygrothermal ageing on GMPC 
are crucial to the utilisation of recycled plastic materials in construction. However, 
most of the studies of degradation mechanisms of polymeric material have 
concentrated largely on the chemical reactions that are involved. Consequently, the 
understanding of the chemical mechanism of degradation is quite advanced. The 
improvement in polymer lifetime made possible by stabilisers, many of them 
commercially available and in widespread use, bears testimony to this.  
It is evident, however, that some of the engineering aspects of weathering-related 
failure of polymers are not as well understood as the chemical mechanisms of 
degradation. Also the degradation of polyolefin has been studied extensively, however 
the majority of these are made of virgin material  (Tidjani, Arnaud and Dasilva (1993), 
Al-Madfa, Mohamed and Kassem (1998)). Thus it seems that to be able to predict 
lifetimes of mixed PSW and GMPC, a more comprehensive appreciation of the 
engineering aspects of failure is required and that more insight is needed into the 
relationship between chemical and mechanical degradation (White & Turnbull 1994). 
2.8  Conclusions 
An overview of mechanical properties and durability of GMPC is presented in this 
chapter. This includes the current state of problem, recent developments and 
applications of these composites, properties of plastic waste and its limitation for 
construction application, methods to improve its properties and the effect of different 
parameters on the mechanical strength and durability of composites. The conclusions 
that are drawn from this review are as follows: 
 Recycling of plastic solid waste (PSW) has drawn much attention due to the 
increasing volume of plastic waste and decreasing space of landfills. However, 
worldwide only about one-fourth PSW is recycled. This proportion can be 
increased by converting these plastic wastes into products suitable for housing and 
construction 
 The use of these recycled mixed PSW is limited to small-scale products such as 
park benches and picnic tables due to their low stiffness and strength properties. 
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Reinforcing the recycled mixed plastics with glass fibre will make them suitable 
for infrastructure applications 
 The addition of compatibilisers and fillers improves the mechanical properties of 
recycled mixed PSW composites. Compatibilisers such as EPM, EPDM and graft 
polymer have shown positive effects on the properties of composites such as 
elongation at break and impact resistance 
 Glass fibres show the best potential and most cost-effective reinforcement for 
recycled mixed PSW composites. When compounded with recycled mixed PSW, 
composites with improved mechanical properties and durability can be achieved 
 The effectiveness of glass fibre as a reinforcement to recycled plastic composites 
is affected by the reinforcement content and length, fibre adhesion and processing 
conditions. 
Several issues and recommended solutions for the widespread application of 
glass fibre-reinforced recycled mixed plastic composites to civil engineering and 
construction are identified in this review. A complete understanding of the mechanical 
properties of these new generation materials including compression and shear are also 
warranted. Similarly, the effect of elevated temperatures, UV radiation and 
hygrothermal ageing condition and also the effect of additional chemical additives on 
the behaviour of GMPC shall be studied to improve the future markets of these 
composites in the construction industry. In Chapter 3, an extensive investigation into 
understanding the behaviour of the recycled mixed plastic waste is presented. The 
established mechanical properties of the recycled mixed PSW from Chapter 3 is used 
as a benchmark in the succeeding chapter. 
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Chapter 3:  Characterisation of recycled mixed plastic solid waste 
 
3.1  Introduction 
The development of building and construction materials from recycled mixed plastic 
solid waste (PSW) presents an ideal opportunity for increasing the recycling rate. As 
discussed in Section 2.3, there is extensive literature on the properties of the blends of 
polyethylene and polypropylene. This literature includes Liang, Tang and Man (1997), 
Li, Shanks and Long (2001), Bertin and Robin (2002) who studied PP/LDPE blends 
and  Bartlett, Barlow and Paul (1982), Schürmann et al. (1998), who studied PP/HDPE 
blends. However, studies dealing with the blends of three polyolefin 
(HDPE/LDPE/PP) are not many. To mention the few research, Putra et al. (2009) 
studied the effect of mineral filler reinforcement on the tensile and flexural behaviour 
of mixed PSW containing 70-80% of HDPE/LDPE/PP. Many other studies conducted 
on mixed PSW either contains proprietary blends or composition of some other plastics 
(Hugo et al. (2011), Xanthos et al. (1995), La Mantia and Ma (1995)). Only the 
research conducted by Dintcheva et al. (2001) studied the mixed PSW containing 
HDPE, LDPE and PP blends. However, their research focused on the effect of filler 
type and processing apparatus on the tensile and impact behaviour of mixed PSW.  
As discussed in Section 2.5.1, most researchers have focused on the tensile 
characterisation of fibre reinforced mixed PSW and little work has been conducted to 
discover the behaviour of mixed PSW containing HDPE, LDPE and PP under different 
loading conditions which are used as a matrix in those composites. Thus, to facilitate 
the widespread use of mixed PSW as a construction material or a matrix of a composite 
material, there must be sufficient engineering data to provide designers, engineers and 
builders information in specifying requirements, predicting full-scale behaviour and 
giving end-users confidence in the quality of the mixed PSW. This chapter focusses 
on the experimental investigations into the characterisation of the mechanical 
properties of mixed PSW. 
Several researchers have attempted to predict the mechanical behaviour of 
plastic blends. Tai, Li and Ng (2000) used the Halpin-Tsai equation to predict the 
elastic modulus of PP/HDPE and PP/LDPE blends. Yousef, Mourad and Hilal-Alnaqbi 
(2011) predicted the mechanical properties of PE/PP blends using artificial neural 
networks. Similarly, Deng et al. (2011) used the dynamic density functional theory 
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approach to investigate the mechanical behaviour of binary polymer blends PS/PP by 
the continuous mesoscopic simulation method. However, for these model to work, the 
exact composition of each plastic component is needed. In case of mixed PSW 
collected from post-consumer waste, the quantity of each component is rarely known. 
Hence, the best way to predict the behaviour of the full-scale specimens produced from 
mixed PSW would be using coupon specimens’ properties. This research proposes to 
use fibre model analysis (FMA) and finite element model (FEM) to predict the 
behaviour of the bigger size specimens using coupon specimens’ properties. 
This chapter characterises the mechanical properties of mixed PSW under 
tensile, compression, flexural and shear using coupon specimens to find the 
consistency of mixed PSW behaviour. Furthermore, investigation of the behaviour of 
the  bigger size recycled plastic beam is conducted. The flexural behaviour of the 
plastic beam is then predicted theoretically and numerically using the properties 
determined from the coupon tests and compared with the experimental results.  
3.2  Experimental program 
Mixed plastic solid waste (PSW) was supplied by Repeat Plastics (Replas) Pty. Ltd. 
of Australia in the form of plastic flake and plastic beam. The material was obtained 
from post-industrial and post-consumer PSW which comprises of proprietary blend of 
HDPE, LDPE and PP having a melt flow index of 3.1.  
3.2.1  Coupon specimens 
The coupon specimens were prepared from plastic flake by following the steps shown 
in Figure 3.1. The steps are discussed hereunder. 
Step 1: Compaction of plastic flake 
The plastic flake was fed into Chubu Kagaku Kikai’s single screw extruder with the 
screw rotation of 87 rpm and the temperature set at 170°C where it was melted and 
extruded in the form of a strand. The extruded plastic strand was chopped into small 
pellets to the length of 4-5 mm in a granulator. These pellets were oven dried for 24 
hours at 60°C to remove the residual water originating from the cooling step in the 
compounding process. 
Step 2: Injection moulding 
Plastic pellets were injection moulded into a coupon specimen using 75 tonnes Engel 
Injection Moulding Machine. The front, mixing and feeding temperature across the 
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barrel was set at 220°C, 210°C and 205°C, respectively. The schematic diagram of 
coupon test specimens is shown in Figure 3.2. 
 
       
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Manufacturing process of coupon test specimens 
                  
 
Figure 3.2 Schematic diagram of coupon test specimens 
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Tests on the coupon specimens produced from the injection moulding machine 
were carried out to characterise the mechanical behaviour of mixed PSW. The tensile, 
compression, flexural and shear tests were conducted following ASTM and ISO 
standards in a 10 kN capacity MTS insight electromechanical testing machine. The 
summary of test details is shown in Table 3.1. The specimens were labelled as T-#, C-
#, F-#, and S-#, where T, C, F and S represents the tensile, compression, flexure and 
shear tests respectively, while #denotes the specimen number. The summary of coupon 
test results are shown in Appendix A.1. 
Table 3.1 Summary of test details of coupon specimens 
Type of test Test Standard Test speed 
(mm/min) 
Dimensions (mm) 
length* width thickness 
Tensile ISO 527-1 (2012) 5 50 9.85 3.5 
Compression ASTM D695 (2010) 1.3 13 9.85 3.5 
Flexure ISO 178 (2010) 2 56 9.85 3.5 
Shear ASTM D2344 (2006)  2 26 7 12.6 
Note: length* denotes unsupported length for tensile and compression test; 
and span length for flexure and shear test 
3.2.2   Bigger size specimens 
For the structural testing of the bigger size specimens, the plastic beam having nominal 
cross-sectional dimension of 55 by 55 mm were cut to the required length using a hand-
saw to produce the specimen for structural testing. The compression, flexural and shear 
tests of the bigger size specimens were undertaken to characterise their properties. Due 
to limitations of the testing equipment, the tensile test was not performed. The 
summary of test details is shown in Table 3.2. The summary of the  test results are 
shown in Appendix A.2. 
Table 3.2 Summary of test details of bigger size specimens 
Type of test Test Standard No. of 
specimen 
Dimensions (mm) 
 length* width thickness 
Compression ASTM D6108 (2013) 4 100 55 55 
Flexure ASTM D6109 (2013) 5 900 55 55 
Shear ASTM D2344 (2006) 5 100 55 55 
3.3  Physical and thermal properties 
3.3.1  Density 
The density of the recycled plastic waste was calculated by measuring the weight and 
the volume of the five specimens. In the case of coupon specimen, the volume was 
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measured using a multipycnometer which is shown in Appendix A.3. The density was 
found to be 0.857 g/cc (Standard deviation (SD) = 0.014 g/cc) and 0.934 g/cc (SD = 
0.014 g/cc) for the coupon specimens and bigger size specimens, respectively. The 
calculation of density of coupon and bigger size specimens is shown in Tables A.3 
and A.4, respectively. The density of the coupon and bigger size specimens is similar 
to the density of polyethylene (0.94-0.97 g/cc) and polypropylene (0.85 g/cc) 
indicating that both materials contain a mixture of polyethylene and polypropylene. 
Also, there is only 8% difference between the density of coupon and bigger size 
specimens indicating the same material composition. 
3.3.2  Thermal analysis 
 
Figure 3.3 DSC curve of the municipal plastic solid waste 
For thermal analysis, a differential scanning calorimeter (DSC Q100, TA Instrument) 
was used to measure the melting temperature. For melting temperature measurement, 
the specimen with a mass<10mg was heated to 100°C, held isothermally for 2 min, 
then cooled to -30°C and heated to 250°C again. The heating and cooling rate were 
10°C/min. The DSC curve obtained from blends of HDPE/LDPE/PP for both coupon 
(plastic flake) and bigger size (plastic beam) specimens are shown in Figure 3.3. For 
the blends of polymer, the incompatibility between these polymer phases seems to be 
preserved in both specimens. From DSC investigations, three different peaks, first at 
Tm1≈100°C (melting temperature of crystalline LDPE), the second at Tm2≈130°C 
(melting temperature of crystalline HDPE) and finally at Tm3≈170°C (melting 
50 100 150 200 250
H
ea
t 
F
lo
w
 R
at
e 
(W
/g
)
Temperature (°C)
 Plastic beam
 Plastic flake
 
 
Chapter 3 
47 
 
0
5
10
15
0 10 20 30
S
tr
es
s 
(M
P
a)
Strain (%)
T-1
T-2
T-3
T-4
T-5
temperature of crystalline PP) were observed for both material (Figure 3.3). Similar 
behaviour by plastic flake and plastic beam confirms that the material composition is 
same for both coupon and bigger size specimens. 
3.4  Behaviour of coupon specimens 
3.4.1  Tensile behaviour 
 
 
 
(a) Schematic illustration (b) Actual test set-up 
  
(c) Stress-strain curve (d) Failure behaviour 
Figure 3.4 Tensile test of coupon specimens 
The ISO 527-1 (2012) standard was followed to conduct the tensile test of the coupon 
specimens. Figures 3.4(a) and 3.4(b) show the schematic illustration and actual test 
set-up, respectively, for the tensile test of the dumb-bell shaped coupon specimens. 
The test specimen was placed in the metal grips such that the longitudinal axis of the 
test specimen was aligned with the axis of the testing machine. The grip was tightened 
evenly and firmly to avoid slippage of the test specimen.  The speed of the testing was 
set to be 5 mm/min.  For the determination of the tensile modulus, a laser-extensometer 
system was used to measure the strain of tensile-test specimen. All the specimens were 
tested until they reached the maximum tensile stress. 
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The stress-strain relationship of the coupon specimens under tension is shown 
in Figure 3.4(c). According to the experimental results, the tensile stress-strain curve 
can be distinguished by two phases. In Phase I at the lower load, the specimens 
presented a linear behaviour but became non-linear at the higher load. Phase II shows 
the beginning of the yielding of the specimens at the tensile strain of approximately 
4% at which the specimens showed extensive plastic deformation before fracture. At 
the start of Phase II, the necking of the specimens began as shown in Figure 3.4(d). 
This was followed by the formation of a crack which ultimately leads to the cup and 
cone fracture of the specimens as shown in Figure 3.4(d). The cup and cone fracture 
was observed at the tensile strain of 18-30%. For the comparison of the mixed PSW 
with its main constituents, the stress-strain curve of HDPE, LDPE and PP presented 
by Tai, Li and Ng (2000) is discussed briefly. According to their study, the LDPE 
specimen fractured at a tensile strain of about 150% while PP and HDPE were pulled 
to 200% strain without fracturing. In a two-phase mixture, Şirin and Balcan (2010) 
observed the reduction of the elongation at break from 700% of PP to around 50% 
with the addition of LDPE. In this case, the elongation at break was noticed at around 
18-30% which is smaller than two-phase mixture. Thus, it can be concluded that in the 
case of mixed PSW, the three plastics produce three phases in the melt. The low 
interfacial adhesion between the phases is responsible for the decrease in strain at 
break. 
3.4.2  Compressive behaviour 
The ASTM D695 (2010) standard was followed to conduct the compressive test on the 
coupon specimens. Figures 3.5(a) and 3.5(b) show the schematic illustration and 
actual test set-up, respectively, for the compressive test of the coupon specimens. The 
coupon specimen was placed in the Wyoming-modified Celanese compression fixture 
and the load was introduced into the compression specimen through the ends of the 
specimen at the rate of 1.3 mm/min until failure. For the determination of the 
compression modulus, a laser-extensometer system was used to measure the strain of 
the compression-test specimen. The unsupported length was 13 mm and radius of 
gyration was 1.01 mm which gives the slenderness ratio of 13 which is within the 
slenderness ratio recommended in the test standard; from 11 to 16. 
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Figure 3.5 Compression test of coupon specimens 
The stress-strain relationship of the coupon specimens under compression is 
shown in Figure 3.5(c). Similar to tensile test, the stress strain curve can be 
distinguished into two phases. Although the specimens behaved in a similar manner in 
tensile and compression at Phase I, there is a drastic difference of behaviour in Phase 
II. Unlike in the tensile test, the coupon specimens showed a drop in stress after 
reaching the maximum value. Furthermore, it was observed that during the testing, the 
coupon specimen buckled in the direction of the smaller dimension as shown in Figure 
3.5(d). Although there were no cracks visible to the naked eye, when observed under 
optical microscope there was a tearing of the specimen as shown in Figure 3.5(d). 
Also, it should be noted that the average compressive strength of the coupon specimens 
is 19.79 MPa (14.83 MPa in tension) and the average compressive modulus is 1.03 
GPa (0.91 GPa in tension) which is slightly higher than that in tension which shows 
 
 
 
(a)  Schematic illustration (b) Actual test set-up 
 
 
 
 
(c) Stress-strain curve (d) Failure behaviour 
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that the performance and failure behaviour of the mixed PSW is different under 
different loading conditions. 
3.4.3  Flexural behaviour 
 
 
  
(a) Schematic illustration (b) Actual test set-up 
 
 
 
 
(c) Stress-strain curve (d) Failure behaviour 
Figure 3.6 Flexure test of coupon specimens 
The ISO 178 (2010) standard was followed to conduct the three point flexural test. The 
schematic illustration and actual test set-up showing two supports, roller and pin, and 
a central loading edge is shown in Figures 3.6(a) and 3.6(b), respectively. The roller 
and pin support allows the rotation of the test specimen minimizing the membrane 
stresses. The span length was adjusted approximately 16 times the thickness of the 
specimen. The test speed of 2 mm/min was set such that the flexural-strain rate was 
around 1% per minute. The loading and deflection at the mid-span was observed and 
recorded and was used to determine the flexural stress, strain values and flexural 
modulus. 
The flexural stress-strain relationship is shown in Figure 3.6(c). According to 
the experimental results, the flexural stress-strain curve shows the combined tensile 
and compressive behaviour of the coupon specimens. This reason is valid because 
during flexural loading, the bottom part undergoes in tension while the upper or 
loading part undergoes in compression. At Phase I, the coupon specimens behaved in 
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Permanent plastic deformation 
No 
visible 
tear 
Chapter 3 
51 
 
a similar manner to the coupon specimens tested under tension and compression 
(Figure 3.6(c)). Phase II starts when flexural strain reaches about 6% where the 
coupon specimens showed the maximum stress value after which the stress-strain 
curve declines which is behaviour similar to that of compression. This can be 
associated with the mechanical response of the coupon specimens in compression on 
the loaded surface. This reasoning can be validated by Figure 3.6(d), which shows a 
permanent plastic deformation but no visual crack suggesting that the load was taken 
by the compressive side. 
3.4.4  Shear behaviour 
 
 
 
(a) Schematic illustration (b) Actual test set-up 
 
 
 
 
 
(c) Shear stress-deflection relationship (d) Failure behaviour 
Figure 3.7 Shear test of coupon specimens 
The ASTM D2344 (2006) standard was followed to conduct the short-beam shear test. 
The schematic illustration and actual test set-up showing two supports that allow 
lateral motion and a central loading nose is shown in Figures 3.7(a) and 3.7(b), 
respectively. The span length was adjusted two times the thickness of the specimen 
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and the speed of testing was set to be 2 mm/min. The loading and deflection at the 
mid-span were observed and recorded and were used to determine the shear strength. 
The shear stress-deflection behaviour of the coupon specimens is shown in 
Figure 3.7(c). The curve shows that the relationship is non-linear and the stress drops 
immediately after reaching the maximum shear stress which is represented by the 
vertical drop line. All the coupon specimens tested under shear test showed that the 
initial crack propagated from the bottom side as shown in Figure 3.7(d). The cracks 
were nearly vertical or in some samples the cracks were slightly angled, indicating an 
almost direct shear failure. Furthermore, the observation of the failed specimens 
showed the elongation of the mixed PSW at the surface of the specimens. 
3.5  Behaviour of bigger size specimens 
3.5.1  Compression Test 
 
 
(a) Schematic illustration  (b) Actual test set-up 
. 
 
 
 
 
 
(c) Stress-strain curve (d) Failure behaviour 
Figure 3.8 Compression test of bigger size specimens 
Figures 3.8(a) and 3.8(b) show the schematic illustration and the actual test setup for 
the compression test, respectively. In this study, the height of the compressive test 
specimen is taken as 100 mm, twice the thickness of the specimen, which provides a 
slenderness ratio of 6.35. The specimens were loaded at the end in a 100 kN capacity 
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MTS Insight Electromechanical testing machine at the rate of 3 mm/min. The loading, 
deformation at various loads and the final pattern of the bigger size specimens was 
observed and recorded. 
The compressive stress-strain curve and failure pattern is shown in Figures 
3.8(c) and 3.8(d), respectively. As seen from the compressive stress-strain curve, the 
plastic beams started to yield at around 8% which is similar to that of peak compressive 
strain of the coupon specimens. However, it should be noted that there was yielding of 
the plastic beams which is different from that of the coupon specimens. It should be 
also noted that the maximum compressive strength of the specimens lies between 26.9 
MPa to 32.1 MPa which is higher than that of the coupon specimens. The reason for 
the higher values is that the slenderness ratio of the bigger size specimens is 6.95 
whereas that of coupon specimens is 13 which means that buckling can influence the 
result of the compressive test. It was observed that all the specimens bulged out and 
after the removal of the load, the specimens showed permanent deformation. It was 
noticed that the specimen height was reduced from 100 mm to 78 mm after the test as 
shown in Figure 3.8(d). 
3.5.2  Flexural behaviour 
 
 
 
(a) Schematic illustration (b) Actual test set-up 
 
 
 
 
(c) Load-midspan deflection  (d) Failure behaviour  
Figure 3.9 Flexural test of bigger size specimens 
 
0
1
2
3
4
0 20 40 60 80 100
L
o
ad
 (
k
N
)
Mid-span deflection (mm)
F-1
F-2
F-3
F-4
F-5
Compression zone 
Tension zone 
Chapter 3 
54 
 
In this study, the four-point static bending test was performed in the 2000 kN capacity 
servo-hydraulic compression testing machine to calculate the flexural strength and 
stiffness of the recycled mixed plastic beam. The schematic illustration and actual set-
up of the flexural test of the bigger size specimen is shown in Figures 3.9(a) and 
3.9(b), respectively. The span length of the specimen for this test was 900 mm, 
equivalent to 16 times its depth, and the specimen was loaded at a quarter of the span 
length at a rate of 3 mm/min. 
The load versus mid-span deflection and failed plastic beam under four point 
static bending is shown in Figure 3.9(c). From the load-deflection behaviour, it was 
found that initially the specimens exhibited nearly linear behaviour. When they 
deflected by around 15 to 20 mm, the specimens showed non-linear behaviour until 
failure. It was observed that there was no sign of premature failure of the specimens. 
The specimens failed at a range of 2.7 kN to 3.3 kN. The flexural modulus was 
determined by a linear-regression procedure applied to the initial linear region of the 
load-midspan deflection curve which was around 1.1 GPa. The maximum calculated 
flexural stress for the specimens lies between 14.6 MPa and 17.9 MPa. This value is 
closer to that of the coupon specimens. The difference in the values could be due to 
difference in test speed and method of loading. Furthermore, it was noted that the 
specimens failed in a brittle and sudden manner without notice. The specimens broke 
down into two pieces from the middle, as shown in Figure 3.9(d), and was 
accompanied by a loud noise during breakage. 
3.5.3  Shear Test 
In this study, the shear properties of the bigger size recycled mixed plastics were 
characterized using a short beam shear test. The schematic illustration and actual test 
set-up is shown in Figures 3.10(a) and 3.10 (b), respectively.  The shear test specimen 
was rested on two supports of 2000 kN capacity servo-hydraulic compression testing 
machine and the load was applied at a constant rate of 3 mm/min by the means of a 
loading nose directly centred on the midpoint of the test specimen. The span length 
was adjusted to approximately two times the thickness of the specimen. The loading, 
deflection at the midspan and the failure pattern was observed and recorded and was 
used to determine the shear strength. 
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(a) Schematic illustration (b) Actual test set-up 
 
 
 
 
(c) Shear stress-deflection relationship (d) Failure behaviour 
Figure 3.10 Shear test of bigger size specimens 
Figure 3.10(c) shows the stress versus deflection relationship of the full scale 
specimens under a short beam shear test. As shown in the stress-deflection 
relationship, the specimens showed non-linear behaviour until the failure of the 
specimens. Furthermore, the failure of the specimens is represented with a long drop 
in the stress-deflection relationship curve. The maximum calculated shear strength lies 
in the range of 4.17 MPa to 4.87 MPa which is similar to the value obtained from the 
coupon test. Furthermore, as shown in Figure 3.10(d), the failed specimens showed a 
diagonal shear crack, which was approximately 45°, originated at the support and 
propagated towards the loading point representing a shear failure. This failure pattern 
was brittle and sudden in nature. 
3.6  Analysis and evaluation 
For the analysis of the bigger size specimens, the plastic beam tested under a four point 
bending test was modelled using fibre model analysis (FMA) and finite element model 
(FEM). In both analyses, the non-linear material model is characterised by the stress-
strain relationship in compression and tension based on the coupon specimens’ 
experimental tests. This curve was used as input data in the analysis to predict its 
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flexural behaviour.  Furthermore, as the tensile strength of mixed PSW is lower than 
that of compressive strength hence the tensile failure strain criteria was used in those 
analyses. The failure tensile strain was taken as 0.04 at which the coupon specimens 
began to yield. The steps used in both analyses, together with the result and 
interpretation of this result, are discussed below. 
3.6.1  Theoretical evaluation using fibre model analysis (FMA) 
 
Figure 3.11 Plastic beam behaviour in FMA 
The flexural behaviour of the bigger size plastic beam was evaluated using fibre model 
analysis (FMA) by dividing the beam into one hundred number of sections which gives 
closer prediction to the experimental values. In a beam element in bending, it is 
assumed that the plane section remains plane that means the strains vary linearly with 
depth as shown in Figure 3.11. The stress at each layer corresponding to a given strain 
was projected using the stress-strain behaviour of coupon specimens. Then, the neutral 
axis depth was calculated such that the summation of compressive and tensile force 
was equal to zero. After that, taking the moments about the level of the neutral axis, 
the bending moment capacity of the section was calculated by multiplying the sectional 
force by the lever arm. Based on the bending moment diagram, the load was then 
calculated. To predict the load-deflection behaviour of the beam, the flexural stiffness 
was calculated by the summation of the flexural stiffness of each section which was 
used to predict the deflection at that load. The calculation details of FMA is shown in 
Appendix A.4 and the result of this analysis is shown in Figure 3.12. 
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3.6.2  Numerical simulation using finite element analysis (FEA) 
Numerical simulation using FEA was also carried out to analyse the flexural behaviour 
of the plastic beam produced using mixed PSW. The geometry, loading set-up used in 
the experiment was simulated using Strand7 finite element analysis software (Strand7 
2012). In this study, a 55 mm square cross-section beam was modelled with 20-noded 
hexahedral brick elements having an aspect ratio of 1.1. Since it is symmetrical on 
both axis, only a quarter of the beam was modelled reducing the computation time.  
This FE model was developed to determine whether or not the load-deflection 
behaviour of the beam could be predicted using the material behaviour of the coupon 
specimens. The details of FEA method used is shown in Appendix A.5 and the result 
of this analysis is shown in Figure 3.12. 
3.6.3  Comparison of results 
 
Figure 3.12 Comparison of experimental, FMA and FEA load-deflection behaviour 
Figure 3.12 shows the load versus deflection behaviour of the plastic beam (produced 
from mixed PSW) from experimental, FMA and FEA analysis. From Figure 3.12, it 
can be seen that both the FMA and FEA have successfully predicted the load deflection 
behaviour in the initial linear region. The result of these analyses demonstrate that the 
behaviour of these plastics can be well predicted, thus eliminating the costly and time 
consuming arrangements for experimental tests.  
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However, an inequality between the results of these analyses were observed after 
the initial linear region. In comparison, the FEA model predicted slightly closer to the 
experimental values in the non-linear region than the FMA model. This is due to the 
fact that in the FEA model, 20-noded hexahedral brick elements was used to model 
the bigger size beam which gives higher degree of freedom than the FMA model such 
that each node in a brick element give three translational degrees of freedom. The 
discrepancy between the experimental and theoretical results could also be attributed 
to variations due to the different method of production of the coupon specimens and 
the bigger size specimens, which make the bigger size specimens stiffer than the 
coupon specimens. Nevertheless, using the tensile strain of 0.04 needed to reach the 
yielding stress as a failure criterion, both the FMA and FEA were successful in the 
prediction of the failure load. In general, these results show that the FMA and FEA 
can be a reliable tool for predicting the behaviour of bigger size specimens. 
3.7  Discussion 
Table 3.3 Summary of mechanical behaviour of the mixed PSW 
Test Property Coupon specimen  Bigger size specimen 
Mean SD COV 
(%) 
 Mean SD COV 
(%) 
Tensile Modulus (MPa) 906.2 75.3 8.2  - - - 
Peak stress (MPa) 14.83 0.74 5.0  - - - 
Strain at peak (%) 12.71 0.59 4.6  - - - 
Compre
ssion 
Modulus (MPa) 1029 37.4 3.6  599.7 51.7 8.3 
Peak stress (MPa) 19.79 0.45 2.3  29.58 2.2 7.4 
Strain at peak (%) 9.45 0.94 9.9  29.25 2.2 7.5 
Flexure Modulus (MPa) 722 48 6.7  1113 19 1.7 
Peak stress (MPa) 19.98 0.36 1.8  16.67 1.29 7.7 
Strain at peak (%) 6.79 0.28 4.1  - - - 
Shear Peak stress (MPa) 5.6 0.39 6.9  4.58 0.26 1.7 
 
The mean value and standard deviation (SD) of mixed PSW determined from the 
coupon and bigger size tests are summarised in Table 3.3 which shows that the 
material behaves differently under different loading conditions. To compare the degree 
of variation of the mechanical behaviour of coupon and bigger size mixed PSW, the 
coefficient of variance (COV) was calculated. The coefficient of variance represents 
the ratio of the standard deviation to the mean which was found to be less than 10% 
for both coupon and full scale specimens. This indicates that consistent material 
properties can be obtained for mixed PSW with similar compositions and produced 
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using the same method. It can give the end users confidence about the quality of mixed 
PSW which is an encouraging result for mixed PSW.  
 Table 3.3 also shows the comparison of the mechanical properties of the 
coupon and bigger size specimens. This comparison is necessary to determine the size 
effect on the mechanical properties of mixed PSW. It can be seen that the compression 
strength of the bigger size specimens is 30 percent higher than that of the coupon 
specimens. This is due to the fact that the slenderness ratio of the bigger size specimens 
is smaller than the coupon specimens which means that buckling can influence the 
result of the compressive test. On the other hand, the flexural and shear tests of the 
coupon and bigger size specimens were performed with similar aspect ratio, however 
it can be seen that the strength value of the bigger size specimens is lower than that of 
the coupon specimens. It was observed that the flexural and shear strength of the bigger 
size specimen is 16% and 18% lower than that of the coupon specimens, respectively. 
This is because failure tends to initiate from defects or other weak points in the material 
which means that the strength is reduced with increasing volume of material tested 
(Wisnom 1999). Thus the future research shall focus on the comprehensive study on 
the size effect of the mixed PSW in order to correctly interpret the results of scaled 
model tests. 
 The tensile strength and modulus of mixed PSW were compared with HDPE, 
LDPE and PP based on the study conducted by Tai, Li and Ng (2000). According to 
their study, the modulus of elasticity of HDPE, LDPE and PP was 1490 MPa, 144 MPa 
and 1776 MPa, respectively. The tensile strength values were 19 MPa, 6 MPa and 29 
MPa for HDPE, LDPE and PP, respectively. Although the ultimate strength and 
modulus of the plastic blends depends on the production method and composition of 
each element, the tentative comparison shows that the mixed PSW can have strength 
comparable to that of HDPE and LDPE. Thus, it can be concluded that although there 
was significant decrement of elongation at break for mixed plastics as compared to 
single grade plastics, these blends can have strength and stiffness values comparable 
to that of single grade plastic. Furthermore, the strength of mixed PSW in tension, 
compression, flexure and shear are comparable to the F7 (low) stress grade timber as 
per AS 1720.1 (2010) which is a promising result for this emerging material. However, 
the stiffness of mixed PSW is much lower about one-sixth of low grade timber which 
has a modulus of elasticity of 6100 MPa as per AS 1720.1 (2010). 
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3.8  Conclusions 
Characterisation of the mechanical behaviour of mixed PSW was conducted using 
coupon and bigger size specimens. Based on the results, the following conclusion can 
be drawn: 
 Recycled mixed PSW containing HDPE, LDPE and PP has strength and 
stiffness acceptable for light load bearing construction applications. From the 
coupon tests, the strength values were found to be 14.8, 19.8, 20, 5.6 MPa in 
tension, compression, flexure and shear respectively, while the modulus of 
elasticity was 0.91, 1.03, 0.72 GPa in tension, compression and flexure 
respectively. From the bigger size tests, the strength values in flexure, 
compression and shear were found to be 16.67, 29.58, 4.58 MPa respectively, 
while the modulus of elasticity was 1.1 and 0.59 GPa in flexure and 
compression respectively 
 PSW exhibited nonlinear behaviour and plastic deformation before failure with 
the failure behaviour dependent on the loading condition. Under axial tension, 
the specimens exhibited yielding, followed by cracking and finally cupping and 
coning. The compression specimens showed buckling and some minor tearing. 
The flexural behaviour is depicted with a combination of tensile and 
compressive failure while a nearly vertical failure was observed under direct 
shear 
 The coefficient of variation of the measured mechanical properties for both 
coupon and bigger size specimens was within 10%. This indicates that 
consistent material properties can be obtained for mixed PSW with similar 
composition and produced using the same method 
 The flexural behaviour including the nonlinear load-deflection behaviour of a 
bigger size beam from PSW can be reliably predicted using the constitutive 
material properties determined from the coupon tests. 
Thus it can be concluded that mixed PSW can give consistent strength and 
stiffness properties and it is comparable with or even higher than that of single grade 
plastic, but has lower elongation at break due to lower interfacial adhesion between 
the phases. Similarly, the strength properties of the mixed PSW are similar to that of 
low grade timber but has stiffness of only about one-sixth. Hence, for the widespread 
use of these materials in civil engineering applications, the stiffness behaviour must 
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be improved. As discussed in Chapter 2, reinforcing mixed PSW with glass fibre can 
potentially increase their strength and stiffness, and this is studied in Chapter 4. 
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Chapter 4:  Characterisation of glass fibre reinforced mixed PSW 
composites 
 
4.1  Introduction 
The results of Chapter 3 showed that the recycled mixed plastic solid waste (PSW) 
exhibits consistent behaviour having comparable strength but lower modulus of 
elasticity as compared to low grade timber. This is one of the limitations in using 
recycled mixed plastics in civil engineering applications. Thus, as discussed in Section 
2.5.1, researchers such as Dintcheva et al. (2001); Putra et al. (2009); Hugo et al. 
(2011) and AlMaadeed et al. (2012) have investigated the introduction of short fibre 
reinforcement to enhance its strength and stiffness. While several studies have shown 
the potential of using glass fibres as reinforcement in recycled mixed plastics 
composites, limited work has been conducted to comprehensively study the effect of 
randomly oriented short glass fibre on the tensile, compression, flexural and shear 
behaviours. Such study is essential for the use of these composites in various load 
bearing applications to become widespread. 
Investigation of the mechanical behaviour is also important as most reinforced 
plastics are manufactured by the injection moulding process, which produces a 
complex orientation of fibre in the end product. Many researchers such as Singh and 
Kamal (1989); Fung, Hwang and Hsu (2003) and Silva et al. (2007) have reported the 
dominance of fibre orientation in the direction of flow near the wall and transverse 
orientation in the core. In addition, Barbosa and Kenny (1999) studied the relationship 
between fibre orientation and tensile properties in short fibre reinforced polypropylene 
as a function of the position in the plate. They found out that, for polypropylene 
reinforced with 40 wt. % of glass fibre, the tensile modulus of the extreme layer was 
almost 50 percent higher than that of the core. This indicates that the behaviour of 
fibre-reinforced composites strongly depends on the orientation and distribution of the 
fibres in the injection moulded specimen. Furthermore, this also implies that, for 
injection moulded composites, the effect of glass fibre content will have a different set 
of improvement for tensile, compression, flexural and shear loading. Thus, the 
investigation of the effect of glass fibre on the mechanical behaviour of reinforced 
mixed PSW will be useful in identifying its specific end product based on the 
improvement produced by glass fibre content on a different set of properties. 
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This chapter investigates the performance of injection moulded mixed plastic 
solid waste composites containing 10, 20 and 30 wt. % of glass fibre under tension, 
compression, flexure and shear. In addition, theoretical analysis were conducted to 
develop simplified equations that can reliably predict the mechanical strength of glass 
fibre reinforced recycled mixed plastic solid waste composites (GMPC). The existing 
rule of mixture and fibre model analysis was modified to account for the randomness 
and length of the fibre in the predictive model. Finally, the mechanical properties of 
GMPC were compared with timber to determine their suitability as a new construction 
material. 
4.2  Experimental program 
4.2.1  Test specimen 
In this chapter, the mixed plastic solid waste (PSW) composed of HDPE, LDPE and 
PP, studied in Chapter 3, were mixed with chopped glass fibre (GF) supplied by 
Owen’s Corning under product code 147A having a length of 4.0 mm and diameter of 
13.7 µm. The mechanical properties of mixed PSW is summarised in Table 3.3; 
whereas the tensile modulus and strength of glass fibre are extracted from the literature 
and taken as 72 GPa and 3450 MPa, respectively (Bank 2006). Similar to the coupon 
specimens produced in Chapter 3, the materials were mixed using a Chubu Kagaku 
Kikai’s single screw extruder and granulated into pellets which were injection 
moulded to produce glass fibre reinforced recycled mixed plastic solid waste 
composites (GMPC) as shown in Table 4.1. The test specimens were labelled as G-#, 
where # denotes the weight percentage of glass fibre content. All the mechanical 
characterisation tests on the coupon specimens were carried out similar to Chapter 3 
using a 10 kN MTS hydraulic testing machine on five specimens for each type of test. 
The test results were compared with the properties of mixed PSW (G-0) obtained from 
Chapter 3 to study the effect of glass fibre reinforcement. 
Table 4.1 Designation and composition of the test specimen 
Specimen name G-0 G-10 G-20 G-30 
GF (%) 0 10 20 30 
Mixed PSW (%) 100 90 80 70 
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4.2.2  Optical and scanning electron microscope observation 
The cross-section of the specimens were observed under an optical and scanning 
electron microscope (SEM) to observe the fibre orientation and the morphology of 
glass fibre reinforced recycled mixed plastic solid waste composites (GMPC). The 
void observation at the core of the specimens and the crack propagation of 
compression, flexure and shear tested specimens were observed using an optical 
microscope (Motic SMZ-168 series, Motic China Group Co., Ltd.) whereas the 
fractured surface morphologies of the tensile tested specimens were observed using a 
SEM (Jeol JCM-6000). The fractured specimens were cut to an approximate thickness 
of 5 mm and attached to carbon adhesive discs, placed on aluminium mounts. To 
eliminate the charge effect, prior to SEM observation, the fracture surface of the tensile 
specimens were sputter-coated with gold. 
4.2.3  Determination of fibre content and length 
The fibre content and length were determined by burning out the matrix following 
ASTM D2584 (2011). Firstly, the GMPC specimens, 15 mm by 9.85 mm by 3.5 mm, 
were taken from the injection moulded specimen (Figure 4.1(a)) and placed in a 
crucible. The crucible was heated in an electric muffle furnace to 600°C for two hours 
to burn and remove the mixed PSW to determine the glass fibre content. Then, the 
glass fibres were observed under the optical microscope and image analysis software 
program where about 100 random length measurements were made to determine the 
weight average fibre length (lw) which was computed using Eq. 4.1: 



ii
i
w
ln
ln
l i
2
       Eq. 4.1 
where ni and li is the sample frequency and length of i
th fibre, respectively. 
4.3  Physical properties 
4.3.1  Density 
The density of the specimens, G-0 to G-30, was measured experimentally and found 
to be 0.857, 0.913, 0.981 and 1.066 gm/cc, respectively. Then the density of glass fibre 
(ρf = 2.5 gm/cc) and mixed PSW (ρm = 0.857 gm/cc) were used to convert the glass 
fibre weight fraction (wf) to glass fibre volume fraction (vf) using Eq. 4.2. The glass 
fibre volume fraction for the specimen, G-10 to G-30, was calculated as 0.037, 0.079 
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and 0.128, respectively. Also the rule of mixture was used to predict the density of the 
specimen, G10 to G-30, which was found to be 0.917, 0.986 and 1.067 gm/cc, 
respectively, which shows a close agreement with the experimental results. The 
detailed calculation is shown in Appendix B.1. 
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              Eq. 4.2 
4.3.2  Fibre content and orientation 
  
Figure 4.1 Fibre content and void observation 
The coupon specimens were cut from three different sections, S1, S2 and S3, as shown 
in Figure 4.1(a) and the fibre burn-out test was performed. The result of the fibre burn-
out test is provided in Table 4.2 which shows that the distribution of the glass fibre is 
consistent along the length of the specimen. The detailed calculation is shown in 
Appendix B.2. Also, the specimen was cut through Section A-A and observed under 
optical microscope, shown in Figure 4.1(b), which revealed the presence of voids in 
the core. This is owing to the fact that when polyolefin crystallizes there will be 
significant shrinkage. As polyolefin does not conduct heat well, the periphery of the 
specimen solidifies first, shrinking and pulling toward the wall of the mould. The 
remaining core of molten material will, in turn, cool slowly, crystallize and shrink 
forming internal voids (Lampo & Nosker 1997). 
 
 
 
 
 
Presence 
of voids 
A 
A 
(b) Section A-A 
Flow 
during 
injection 
moulding 
(a) 
B 
B 
Chapter 4 
66 
 
Table 4.2 Results of fibre burn-out test 
Specimen wf (%) 
S1 S2 S3 
G-10 8.9 9.0 8.9 
G-20 18.5 18.8 18.8 
G-30 28.4 28.3 28.1 
The layered nature of the glass fibre orientation through the thickness of the 
injection moulded G-30 specimen was observed using SEM at different zones: near 
the mould/polymer interface and at the centre as shown in Figure 4.2. The figures in 
Section A-A show that the fibres in all zones are oriented in the mould-flow direction. 
In Section B-B at the border zones (near the mould/polymer interface), the glass fibres 
are aligned towards the direction parallel to mould-flow direction (Figures 4.2(a) and 
4.2(c)). For the central zone in Section B-B, the glass fibres are transversely aligned 
to the mould-flow direction (Figure 4.2(b)). This can be explained by the fact that 
when the plastic flows in the injection moulding process, it develops a velocity profile 
due to frictional resistance of the wall of the mould creating a fountain flow effect 
(Gogos, Huang & Schmidt 1986). This fountain flow effect causes the melt to be 
deposited on the mould wall with the alignment direction parallel to the mould fill 
direction. Hence, when it solidifies, this alignment is retained in the GMPC specimen. 
In contrast, the core of the moulding contains fibres aligned in a random direction due 
to a slower cooling rate and lower shearing.  
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Position Section A-A Section B-B 
(a) 
  
(b) 
  
(c) 
  
Figure 4.2 Fibre orientation (a) & (c) near the mould/polymer interface and (b) at the 
centre of injection moulded G-30 composites  
4.3.3  Average length of glass fibre 
The weight average fibre length (lw) was computed using Eq. 4.1 and found to be 562.3 
µm, 465.7 µm, 443.8 µm for the G-10 to G-30 specimens, respectively, which is only 
a one-tenth of the original length (4000 µm). The detailed calculation is shown in 
Appendix B.3. This reduction in length is caused mainly by the extrusion and injection 
moulding processes where the shear stresses exerted by the screw or ram break the 
glass fibres (Chin, Liu & Lee 1988). The glass fibres are also broken during the 
granulation of the pellets. Furthermore, the average fibre length decreases with the 
increasing fibre content which is due to the fact that the increment of glass fibre content 
results in the increment of the friction among glass fibre in the extrusion and injection 
moulding processes which leads to further fibre breakage. 
Voids 
Voids 
Chapter 4 
68 
 
4.4  Tensile behaviour 
4.4.1  Stress-strain 
 
Figure 4.3 Tensile stress-strain curve of mixed PSW and its composites 
Figure 4.3 represents the tensile stress-strain relationship of mixed PSW and GMPC 
specimens with 10 to 30 wt. % of glass fibre. It can be seen that all the specimens 
showed non-linear deformation especially at a higher level of strain. From the figure, 
it is clear that the G-0 specimens exhibited more plasticity than specimens with glass 
fibres. With the addition of 30 wt. % of glass fibre, the tensile strength and modulus 
increased by 74% and 238%, respectively. Taking the tensile strength and modulus of 
glass fibre as 3450 MPa and 72 GPa, respectively, the increase in tensile strength and 
modulus of elasticity can be directly linked to the mechanical properties of glass fibre 
which is 232 and 83 times higher than that of the tensile strength and modulus, 
respectively, of mixed PSW. It was also noted that with the addition of glass fibre, the 
increment of the tensile modulus is much higher than that of tensile strength. This can 
be explained by the fact that the tensile modulus is measured at the elastic region 
between 0.05 to 0.25%, which is not sensitive to fibre pull-out mechanism. However, 
the tensile strength is measured at failure, which is dominated by fibre pull-out. 
Fibre pull-out can be determined by the level of the interfacial adhesion 
between the glass fibre and the matrix (mixed PSW) and is generally characterized 
through a parameter “critical fibre length” (Piggott 2002). In the GMPC specimens, 
the force required to break the glass fibre is given by π(rf)2σf. Also, assuming a linearly 
varying inter-laminar shear strength between glass fibre and matrix, τ, the pull-out of 
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the glass fibre is resisted by the average shear force, πrfLτ.  Then the critical fibre 
length, lc, which is the length just great enough to break the fibre is given by Eq. 4.3: 

 ff
c
r
l        Eq. 4.3 
In this analysis, σf is the glass fibre strength taken as 3450 MPa and rf is the 
glass fibre radius taken as 6.85 µm. An approximate value of τ is taken as 15.2 MPa 
from the pull-out experiment performed on glass/PP systems by Fu et al. (2000). Then 
the critical length of glass fibre for GMPC specimens can be obtained as 1554 µm. 
However, the average length of the glass fibre in all the GMPC specimens, as shown 
in Section 4.3.3, is shorter than the critical length. This leads to the conclusion that the 
tensile strength is affected by the fibre pull-out and needs to be considered for 
theoretical modelling. In case of tensile modulus, Eq. 4.3 can be rearranged in terms 
of the weight average length of the glass fibre to check if there is any fibre pull-out or 
not. If the force exerted by the fibre, π(rf)2σ0.25%, at the strain of 0.25% is resisted by 
the average shear force, πrflwτ, then there will be no fibre pull-out. The stress, σ0.25%, 
of glass fibre at the strain of 0.25% can be calculated using Hooke’s law which is the 
product of modulus of elasticity and strain given by 72000*0.25% = 180 MPa. Table 
4.3 shows the detailed calculation of this method which shows that there will be no 
fibre pull-out at a strain lower than 0.25%. 
Table 4.3 Calculation of force in glass fibre at 0.25% strain 
Composite lw in µm 
 
π (rf)2σ0.25%  
 in N 
πrflwτ  
in N 
Fibre 
pull-out? 
G-10 562.3 0.02 0.18 No 
G-20 465.7 0.02 0.15 No 
G-30 443.8 0.02 0.14 No 
4.4.2  Failure behaviour 
  
Figure 4.4 Failure pattern after tensile test (a) without fibre and (b) with fibre 
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Figure 4.4 shows the failure pattern of the specimen immediately after the tensile test. 
For the specimens without glass-fibre, the failure was ductile and it was observed that 
the cross-section of the specimens became thinner with the increment of the load. It 
also took a long time for the specimens to break completely. On the other hand, the 
specimens with glass fibres showed sudden and brittle failure by a breaking of the 
material into two pieces.  
To understand the failure behaviour, the tensile fracture surface of the GMPC 
specimens were observed under SEM as shown in Figure 4.5. All the micrographs 
show the existence of fibre pull-out on the fracture surfaces. This validates that the 
fibres which are shorter than the critical length are pulled out. Also, the fracture surface 
of the composites appear to be dominated by pull-out damage rather than fibre 
breakage. This failure mechanism can be explained by the embrittlement effect which 
reduces the elongation at break  (Curtis, Bader & Bailey 1978). As the glass fibres are 
pulled out, the matrix (mixed PSW) starts to crack at the ends of the reinforcing glass 
fibres. Subsequently, as the strain is increased, more cracks are formed at the ends of 
glass fibres. This also explains the reduction of elongation at break with the increment 
of glass fibre content.  
As seen from Figure 4.5, with the increment of glass fibre content, the distance 
between the glass fibre decreases hence, when there is a crack propagation, there will 
be less space to accommodate the load transfer to the adjacent fibre which ultimately 
leads to a decrement of elongation at break. The final failure occurs when the extent 
of cracking across the weakest section of the GMPC specimen reaches a critical level 
when the surrounding glass fibres and matrix can no longer support the increasing 
load. 
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Figure 4.5 SEM micrographs of tensile fracture surfaces of GMPC specimen  
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4.5  Compressive behaviour 
4.5.1  Stress-strain 
 
Figure 4.6 Compressive stress-strain curve of mixed PSW and its composites 
Figure 4.6 represents the stress-strain curve of mixed PSW and GMPC specimens with 
10, 20 and 30 wt. % of glass fibre tested under compressive loading. From the stress-
strain curve, the compressive behaviour of the specimens can be distinguished into two 
phases: Phase I represents the behaviour before reaching the maximum stress while 
Phase II describes the behaviour after reaching the maximum stress. The point of phase 
separation for mixed PSW and its composites is shown in Figure 4.6 by a dotted line.  
During Phase I, a non-linear behaviour was observed for all types of specimens. 
At this phase, the compressive stress-strain behaviour exhibited a similar trend to that 
of the tensile behaviour. However in Phase II, the tested specimens failed gradually 
after reaching the maximum stress, and the strain at peak dropped from 9.4% to 6.4% 
with the addition of 30 wt. % of glass fibre which is different to the tensile behaviour. 
Furthermore in Phase II, as the glass fibre content is increased, the slope of the stress-
strain curve becomes increasingly steep after reaching the maximum stress. This stage 
of the curves leading to the steepness of slope corresponds to more crack initiation 
through the matrix (Figure 4.7) with the addition of glass fibre.  
Furthermore, the results indicate that with the addition of 30 wt. % of glass 
fibre, the compressive strength increased by 85% as compared to mixed PSW which 
can be linked with the compressive strength of glass fibre (taken as 3450 MPa) which 
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is 172 times higher than that of the compressive strength of mixed PSW. In addition, 
it was noted that this percentage increment of the compressive strength of the GMPC 
specimens is slightly higher than the tensile strength increment which is 74% with the 
addition of glass fibre. This can be explained by the fact that in the compressive test 
of the GMPC specimens, the matrix (mixed PSW) also contributes to the composite 
strength by avoiding fibre bending and buckling because the matrix hinders the  ability 
of the glass fibres to bend (Canché-Escamilla et al. 2002). Also, the random orientation 
of glass fibre plays a significant role. So, when the matrix reaches its maximum 
strength and starts to tear, the misaligned fibres tend to bind the matrix surrounding 
them and the specimen is capable of carrying more load. 
4.5.2  Failure behaviour 
When a unidirectional fibre-reinforced composite material is compressed, several 
major failure modes are detected. These failure modes can be: matrix yield followed 
by fibre micro-buckling, local fibre micro-buckling, kinking, shear deformations, and 
pure fibre compressive failure (Lagoudas and Saleh (1993); Schultheisz and Waas 
(1996)). It should be remembered that in the GMPC specimen, the glass fibres are 
short and randomly oriented and the matrix (mixed PSW) is ductile in nature, whereas 
the above mentioned modes of failure are generally based on thermoset resin which is 
brittle in nature. Hence to better understand the failure mechanism, the failed 
specimens were observed under optical microscope as shown in Figure 4.7.  
As the specimen is rectangular in cross-section, both sides were observed to 
understand the failure mechanism. During the testing, the matrix on the thicker section 
showed tearing. This is due to the fact that a rectangular specimen will buckle in the 
direction of the smaller dimension in cross-section. Figure 4.7 also shows the effect 
of glass fibre addition on the failure mechanism. One of the interesting observations is 
that, with the addition of fibre, there is an increment in matrix tear and shear band 
becomes visible in the thinner section such that the angle formed between the failure 
plane and the plane of loading thickness is in the range of 60-65°. These figures 
indicate that there seems to be considerable shear failure with matrix tearing. Thus, 
shear failure of the matrix seems to be a dominant failure mode in the GMPC 
specimens, as evidenced by the numerous tears in the matrix surfaces (Figure 4.7). 
This type of failure is associated with progressive damage mechanisms in composites 
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which are matrix-dependent failure modes and typically start within the matrix and 
propagate along the fibre/matrix interface (Kar et al. 2012).  
 Not to scale 
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Figure 4.7 Failure specimen in compression observed under optical microscope  
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4.6  Flexural behaviour 
4.6.1  Stress-strain 
 
Figure 4.8 Flexural stress-strain curve of mixed PSW and its composites 
The flexural stress-strain behaviour of the mixed PSW and GMPC specimens is shown 
in Figure 4.8 which reflects the effect of the glass fibre content on the flexural 
behaviour. It was observed that the addition of the glass fibre increased the flexural 
strength and stiffness much more than that of tensile strength and stiffness. Similar 
results were reported by Hugo et al. (2011) who reported that the increase in flexural 
strength was attributed to the compressive component of the mechanical response. 
While this reason is valid, in this research it was found that the increment of flexural 
strength is much higher than the compressive strength. This can be explained by the 
fact that, in flexure, the stress is maximum at the surfaces such that there is a 
compressive force on the loaded surface with an equal and opposite tensile force on 
the opposite surface. From fibre orientation study conducted in the GMPC specimens 
described in Section 4.3.2, there was uniform orientation and less void at the surfaces 
compared with the core section. Thus, the higher increment compared to tensile and 
compressive property was achieved which is an increase of 356% and 141% in flexural 
modulus and strength respectively, with the addition of 30 wt. % of glass fibre. 
It was also observed that the G-0 specimens showed ductile behaviour. 
However, as the amount of glass fibre is increased from 10% to 30%, the failure 
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becomes more brittle as the curve falls steeply after reaching the maximum flexural 
stress. There is a decrement of the strain at peak from 6.8% to 3.4% with the addition 
of 30 wt. % of glass fibre. This type of failure in composites can be linked to the brittle 
behaviour of the specimen under tension as discussed in Section 4.4.2. It can also be 
observed that, after reaching the maximum flexural stress, the composites were able to 
endure the stress to a certain extent. This can be associated with the mechanical 
response of the composites in compression on the loaded surface.  
4.6.2  Failure behaviour 
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Figure 4.9 Failure specimen in flexure observed under optical microscope  
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Figure 4.9 shows the mid-span section of the failed specimens in flexure observed 
under optical microscope. Under flexural test, the specimens without glass fibre, G-0, 
showed no visual cracks in the top or bottom side of the specimen. As discussed above, 
during the flexural test, the bottom part of the specimen undergoes tensile deformation 
and the loaded surface at the top undergoes compressive deformation. Since the tensile 
and compressive behaviour of specimen without glass fibre is ductile, the flexure 
tested specimen shows no visible crack line. It was noted that, with the addition of 
glass fibre, the failure is initiated from the bottom (tensile) side as shown in Figure 
4.9. This is due to the GMPC specimen having a lower tensile strength than 
compressive strength so the higher stress at the extreme bottom layer results in the 
crack initiation. It was also observed that as the glass fibre content increases, the length 
of the crack line increases which is due to the brittle behaviour of the specimen under 
tension as discussed in Section 4.4.2. 
4.7  Shear behaviour 
4.7.1  Stress-deflection 
 
Figure 4.10 Shear stress-deflection curve of mixed PSW and its composites 
The shear stress-deflection behaviour of the mixed PSW and GMPC specimens is 
shown in Figure 4.10. From the stress-deflection behaviour, it can be seen that all of 
the specimens showed non-linear behaviour. It was observed that shear strength 
increased by up to 41% with the addition of 30 wt. % of glass fibre. This increment 
can be explained by the random orientation of the glass fibre in the thickness direction 
which contributed to the increase in the shear properties (Fan, Santare & Advani 2008). 
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However, this improvement in shear strength with the introduction of short glass fibres 
is much lower compared to tensile strength. This is due to the lack of fibre orienting 
in the depth direction to resist vertical shear force generated in a short beam shear test. 
As seen from the SEM graph of fibre orientation distribution at different depths of the 
specimen described in Section 4.3.2, most of the fibres were aligned in the longitudinal 
direction. 
4.7.2  Failure behaviour 
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Figure 4.11 Failure mode in shear observed under optical microscope 
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It was observed that both mixed PSW and GMPC show a similar failure mode. Figure 
4.11 shows that the crack initiated from the bottom side and propagated almost 
vertically indicating a direct shear failure. There was some indentation under the 
central loading which can create a local compressive failure zone. The G-0 specimens 
exhibited elongation of the matrix with the increment of the applied load. However, in 
case of the GMPC specimens, there is no elongation of the matrix. Furthermore, it was 
also noted that the width of the crack became smaller due to the reinforcement 
provided by the randomly oriented short glass fibres. 
4.8  Discussion 
Table 4.4 Summary of the result of the mechanical behaviour of GMPC specimens 
Test Property G-0 G-10 G-20 G-30 
Tensile Peak stress (MPa) 14.8(0.7) 17.8(0.3) 22.2(0.3) 25.7(1.1) 
Modulus (MPa) 906(75) 1514(65) 2315(57) 3068(105) 
Strain at peak (%) 12.7(0.6) 3.8(0.4) 3.1(0.2) 2.4(0.3) 
Compress-
ion 
Peak stress (MPa) 19.8(0.4) 26.7(0.8) 31.6(1.7) 36.7(0.6) 
Modulus (MPa) 1029(37) 1547(37) 1999(152) 2480(276) 
Strain at peak (%) 9.4(0.9) 6.9(0.6) 6.7(0.9) 6.4(0.9) 
Flexure Peak stress (MPa) 20.0(0.4) 34.1(0.7) 44.0(1.4) 48.3(2.1) 
Modulus (MPa) 722(48) 1540(75) 2482(137) 3297(146) 
Strain at peak (%) 6.8(0.3) 5.9(0.4) 4.6(0.2) 3.4(0.1) 
Shear Peak stress (MPa) 5.6(0.4) 6.0(0.6) 7.4(0.4) 7.9(0.7) 
Table 4.4 summarises the arithmetic mean and standard deviation of the specimens 
showing the maximum stress, modulus of elasticity and strain at peak. The summary 
of the mechanical characterisation test is shown in Appendix B.4. As seen from the 
table, the effect of glass fibre content in the behaviour of the GMPC specimens is 
dependent on the method of loading. The tensile, compressive, flexural and shear 
strength showed a 74%, 85%, 141% and 41% increase, respectively, with the addition 
of 30 wt. % of glass fibre. It shows that the highest increment of strength with the 
addition of glass-fibre is in flexural loading. This is due to the fact that, for both tensile 
and compressive tests, the stress is uniform throughout the cross-section of the 
specimen. However, for the flexural test, the stress will be maximum at the edge of the 
specimen and minimum at the centre of the specimen. The fibre orientation distribution 
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study showed that the fibre are more uniformly oriented in the surface than at the core 
which improves the flexural performance of the specimen more than tensile and 
compression with the addition of glass-fibre content. However in case of shear testing, 
due to the lack of fibre orienting in the depth direction, there is not much improvement 
in the shear behaviour compared to tensile behaviour. 
The best improvement with the addition of glass-fibre is seen in the modulus 
of elasticity. This is due to the fact that the elastic modulus is measured at lower strain 
where the fibre pull-out is not effective, hence the modulus is highly improved. The 
tensile, compressive and flexural modulus showed a 238%, 141% and 357% increase 
in their stiffness, respectively, with the addition of 30 wt. % of glass fibre. It was seen 
that due to the uniform orientation of fibres at the surface, the modulus of elasticity in 
flexural is higher than in the tensile and compression test. 
From Table 4.4, it can be observed that, with the addition of glass fibre, the 
strain at peak reduces in all the mechanical tests. Moreover, it is clear that there is a 
significant drop of strain at peak from 12.7% to 2.4% with the addition of 30 wt. % 
glass fibre for the specimen tested under tension.  The specimen tested under 
compression and flexural also shows decrement of the strain at peak. However, this 
decrement of strain at peak with the addition of glass fibre is not as high as that of 
tension. In the case of compressive loading, the strain at peak drops from 9.4 to 6.4% 
with 30 wt. % glass fibre as the failure of the specimen in compression is mainly due 
to the matrix failure. In flexural loading, the strain at peak for G-30 is 3.4% which is 
1% higher than the tensile strain of 2.4%. Since the specimen has lower tensile strength 
than the compressive strength, a bottom crack was seen in the flexural testing. This 
result further shows that when there was a bottom crack during the flexural test, the 
specimen was able to take load until the compressive failure of the top layer.   
The mechanical behaviour of the GMPC specimens were compared with the 
properties of timber based on AS 1720.1 (2010). From the comparison, it was observed 
that the strength of the GMPC specimen with 30 wt. % of glass fibre, G-30, is 
comparable to that of F17 (medium) stress grade timber. Although the flexural 
modulus of G-30 increased up to 3.3 GPa, it is still smaller than even the low grade 
timber which has a modulus of 6.1 GPa. Hence, based on this study, one way to 
improve the stiffness and strength of GMPC composite would be by improving the 
fibre orientation and fibre length during production.  
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A worthy fact for the GMPC specimens is that the standard deviation of the 
property of the specimens is not that high (Table 4.4) which shows that it has 
consistent performance. This is not the case for timber which is a natural material 
having inconsistent material behaviour due to presence of knots. Thus using thicker 
dimensions for lower stiffness, the GMPC can find it use in the building and 
construction industry. In addition to this, for the GMPC to operate efficiently and 
safely, it is necessary to accurately predict the mechanical strength of its structures. 
However, most of the existing models are based on unidirectional and long fibre 
composites. Thus, the behaviour of GMPC is predicted using a modified rule of 
mixture and fibre model analysis which is discussed in the succeeding section. 
4.9  Theoretical prediction of GMPC properties 
4.9.1  Tensile Modulus 
A simple and effective way of predicting the properties of fibre-reinforced composites 
is by the rule of mixtures (ROM). For long fibre reinforced unidirectional aligned and 
uniformly distributed composites, the ROM predicts the longitudinal elastic constants 
reasonably well (Chawla 1998). However, it fails to accurately predict the elastic 
modulus and strength of GMPC specimens having randomly oriented short glass 
fibres. The elastic modulus was found to be almost four times higher than the 
experimental values as shown in Figure 4.12. Thus to predict the tensile modulus (ET) 
of the GMPC specimens, an efficiency factor (
1 ) is introduced into the rule of 
mixture (as shown in Eq. 4.4) to account for the random orientation of the glass fibres 
distributed throughout the composite (Bowyer & Bader 1972): 
mfffT EvEvE )1(1        Eq. 4.4 
where Ef (72 GPa) and Em (0.9 GPa) are the elastic moduli of glass-fibre and mixed 
PSW, respectively and  vf  is the volume fraction of glass-fibre which is calculated in 
Section 4.3.1. According to Bentur and Mindess (2006), most of the previous studies 
had visualised the randomness of the fibre in composite either in three dimension 
considering 
1  as 1/6 or in two dimension considering 1 as 1/3 .  However, as shown 
by the SEM image (Figure 4.5), most of the glass fibres are oriented in the direction 
of injection moulding while some glass fibres are oriented in an inclined direction. 
Hence, for an injection moulded GMPC specimen, the value of 
1 shall be taken as an 
average of two-dimension and three-dimension randomness which is 0.25. This means 
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that only a quarter of the glass fibre’s stiffness is influential in the overall stiffness of 
GMPC. The comparison of the experimental results, ROM and modified ROM 
prediction as seen in Figure 4.12, shows the verification of the modified ROM as it 
can predict the experimental tensile modulus. 
 
Figure 4.12 Comparison of experimental and theoretical tensile modulus 
4.9.2  Tensile strength 
As shown in Table 4.3, the tensile modulus is measured at low strain and hence it is 
not sensitive to the fibre pull-out mechanism, so the fibre efficiency factor is relatively 
high. However, as shown in Figure 4.5, most of the failure of the specimen is due to 
the fibre pulled out which means it should be considered to effectively predict the 
tensile strength. The formula of rule of mixtures (ROM) is modified as Eq. 4.5 to 
predict the tensile strength (σT) of the GMPC specimens by assuming a perfect 
interfacial bond between fibres and matrix: 
mfffT vv ')1(21        Eq. 4.5 
where m'  is the matrix (mixed PSW) strength at the failure strain of the GMPC 
specimen taken from the tensile stress-strain curve (Figure 4.3), f  (3450 MPa) is the 
tensile strength of the glass fibre ,
1 is taken as 0.25 for random orientation as 
discussed in Section 4.9.1 and
2  is the fibre length factor given by lw/(2lc) for lw<<lc 
as discussed by Fu and Lauke (1996). These values are shown in Table 4.5. The 
comparison of the experimental results, ROM and modified ROM prediction (as seen 
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in Figure 4.13) shows the verification of modified ROM as it can predict the 
experimental tensile strength. 
Table 4.5 Prediction of tensile strength by modified ROM 
Specimen 
name 
lw in µm 
(Section 
4.3.3) 
2 = lw/(2lc) Failure 
strain (%) 
m'   
in MPa 
T  in 
MPa 
G-10 562.3 0.18 3.8 13.1 18.4 
G-20 465.7 0.15 3.1 12.4 21.6 
G-30 443.8 0.14 2.4 11.5 25.5 
 
 
Figure 4.13 Comparison of experimental and theoretical tensile strength 
4.9.3  Compressive strength 
The compressive strength of composites is difficult to predict and measure (Naik & 
Kumar 1999), and many models have attempted to improve the prediction of this 
property. The analytical models used to study the behaviour of unidirectional 
composites under compressive loading along the fibre direction are either based on 
micro-buckling or kinking of fibres. The theoretical prediction of compressive strength 
dates back to 1965 when Rosen (1965) developed a model based on micro-buckling 
approach. The kinking phenomenon has also been studied by many researchers such 
as Budiansky (1983) and Lagoudas and Saleh (1993). Rosen (1965) which is one of 
the earliest and most quoted works was based on micro-buckling approach considering 
the composite to be 2D. The extension failure mode and fibres buckling out of phase, 
is given by Eq. 4.6. However, due to the idealistic assumptions, the predicted results 
were significantly higher than the experimentally observed results (Figure 4.14). 
Hence, for predicting the compressive strength of the GMPC specimens, the rule of 
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mixture equation proposed by Hayashi and Koyama (1972) was used. This equation 
assumed a failure criterion based on a matrix shear failure instability which had shown 
to yield reasonable results for the softer matrix (Waas & Schultheisz 1996). This is 
true for mixed PSW and its composites as discussed in Section 4.5. The compressive 
strength of the composite is given by Eq. 4.7: 
2
1
)1(3
2










f
fmf
fc
v
EEv
v      Eq. 4.6 
*)( mmmffc vEvE        Eq. 4.7 
While this relationship is valid for unidirectional composites, the equation 
needs to be modified for GMPC due to the randomness of fibre orientation. A fibre 
efficiency factor similar to tensile strength prediction equation is introduced. The 
modified equation is given by Eq. 4.8: 
**
`2`1 mmfmfc vvE        Eq. 4.8 
where 
1  and 2 are the similar to the fibre efficiency factors used for tensile 
behaviour prediction; Ef (72 GPa) is the modulus of elasticity of glass fibre; and *
m is 
the matrix (mixed PSW) strength at the failure strain ( *
m ) of the GMPC specimens 
taken from the compressive stress-strain curve (Figure 4.6). These values are shown 
in Table 4.6. Figure 4.14 shows the result of the predictive model which shows close 
agreement with the experimental results. 
Table 4.6 Prediction of compressive strength by modified ROM 
Composite *
m   
*
m  in MPa c  in MPa 
G-10 0.069 17.95 25.5 
G-20 0.067 17.69 30.6 
G-30 0.064 17.36 35.8 
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Figure 4.14 Comparison of experimental and theoretical compressive strength 
4.9.4  Flexural strength 
Figure 4.15 shows the flow chart of fibre model analysis (FMA) which was used to 
analyse the flexural behaviour of the GMPC specimens using tensile and compressive 
stress-strain behaviour. The detailed calculation of the FMA is shown in Appendix 
B.5. The FMA was developed for the specimen without glass fibre content which 
calculated the flexural strength as 18 MPa. This value is closer to the experimental 
flexural strength of 19.98 MPa which verifies the applicability of FMA in calculating 
the flexural strength. However, this model highly underestimates the flexural strength 
of the composite with glass fibre as shown in Figure 4.17. One possible reason is that 
the non-uniform distribution of fibre orientation from the surface to the core of the 
specimen was not included in the FMA which needs to be modified. However due to 
the complex nature of fibre orientation distribution, this research proposes to use the 
linearly varying strength factor ratio (SFR) to account for fibre orientation distribution 
giving higher and lower strength values for the surface and core of the GMPC 
specimens respectively, as shown in Figure 4.16. It was found that the value of SFR 
equal to 1.9 gives closer prediction of the experimental flexural strength as seen in 
Figure 4.17. Thus, the observation of the non-uniform fibre orientation distribution as 
shown by SEM observation in Figure 4.2 is confirmed by the results reported in this 
analysis.  
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Figure 4.15 Flow chart of Fibre model analysis  
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Figure 4.16 Distribution of strength factor ratio (SFR) 
 
Figure 4.17 Comparison of experimental and theoretical flexural strength 
4.9.5  Shear strength 
Due to the lack of shear strength value of glass fibre, this research proposes an 
alternative way to determine the contribution of the glass fibre reinforcement on the 
characteristic shear strength (
'
s ) of the GMPC specimen by considering the Fibre 
Shear Strength Factor (FSSF) obtained from the rule of mixtures using Eq. 4.9: 
mffs vFSSFv  )1(
'       Eq. 4.9 
Based on the experimental result, since the standard deviation of shear strength 
is high, the characteristic shear strength of the specimen shown in Table 4.7 is used to 
calculate the FSSF. Then the value FSSF is determined by the slope of linear tendency 
of graphs given by Eq. 4.9, which was found to be 25. It should be noted that FSSF 
factor considers the fibre efficiency factor which includes both the orientation factor 
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and the fibre length factor. The experimental and conservative predictive model of 
shear strength is shown in Figure 4.18. 
Table 4.7 Characteristic shear strength 
Composite Average 
strength 
( s ) in MPa 
Standard 
deviation 
(SD) in MPa 
Characteristic strength = 
SDss 64.1'   
(MPa) 
G-0 5.6 0.4 4.94 
G-10 6.0 0.6 5.02 
G-20 7.4 0.4 6.74 
G-30 7.9 0.7 6.75 
 
 
Figure 4.18 Predictive model for shear strength 
4.10  Conclusions 
The effect of glass fibre content on the behaviour of the GMPC specimens was 
characterised through experimental investigation using coupon specimens. A 
simplified theoretical equation was also proposed to predict the mechanical properties 
of this material. From the results of this work, the following conclusions can be drawn: 
 Injection moulding produces glass fibre reinforced mixed plastic waste 
composites with consistent properties. The measured density of GMPC 
specimens is in close agreement with the calculated values using rule of 
mixtures. Similarly, the distribution of the fibre is consistent towards the length 
of the specimen 
 Most of the fibres at the surface of the specimens are oriented in the 
longitudinal direction but randomly oriented in the core due to the fountain 
flow effect during the injection moulding. The average fibre length was only 
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one-tenth of the original length due to the fibre breakage during the extrusion 
and injection moulding process 
 The tensile strength and stiffness of the GMPC specimens increased to 25.7 
MPa and 3.07 GPa, respectively, with the addition of 30 wt. % of glass fibre. 
This represents an increase of 238% in the tensile modulus which is much 
higher than that of tensile strength of 74% due to the fibre pull-out at higher 
strain. The addition of fibres also resulted in the embrittlement of the GMPC  
 The compressive strength and stiffness of the GMPC specimens increased to 
36.7 MPa and 2.5 GPa, respectively, with the addition of 30 wt. % of glass 
fibre. A non-linear behaviour was observed until the specimens reached the 
maximum stress. The failure in compression is associated with progressive 
damage mechanisms in composites which are matrix dependent failure modes 
and typically start within the matrix and propagate along the fibre/matrix 
interface 
 The addition of fibres best enhanced the flexural behaviour of the GMPC. With 
the addition of 30 wt. % of glass fibres, the flexural strength and modulus 
increased by 141 and 357%, respectively, compared to the unreinforced 
plastics. This is due to the better orientation of fibres at the surfaces than in the 
core. The failure is initiated at the bottom of the specimens due to lower tensile 
than compressive strength of the GMPC 
 The shear strength increased to 7.9 MPa (41% increase) with the addition of 
30 wt. % of glass fibre. This improvement is lowest among the investigated 
properties as most of the fibres are aligned perpendicular to the direction of the 
loading. The shear crack initiated from the bottom and propagated vertically 
toward the top of the specimens indicating a direct shear failure 
 Incorporating fibre orientation and fibre length factors in the existing rule of 
mixture can reliably predict the strength and stiffness of the GMPC in tension 
and compression. Similarly, considering the fibre orientation distribution in the 
fibre model analysis resulted in flexural properties in close agreement with the 
experimental results. The Fibre Shear Strength Factor was introduced to 
account for the contribution of the short glass fibres to the shear strength of the 
GMPC. 
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Thus, it can be concluded that GMPC has strength properties comparable to 
timber indicating its suitability for use in building and construction. Although the 
bending modulus increased to 3.3 GPa with the addition of 30 wt. % of glass fibre, 
which is still less than that of timber. One way to increase the modulus would be adding 
more glass fibres however, in this chapter it was observed that the enhancement of 
mechanical properties is minimal with further addition of glass fibres. Also, due to the 
processing limitations, the glass fibre content of 30 wt. % is chosen as an optimum 
value which is used in the succeeding chapter for studying the effect of chemical 
additives. Another way to increase the modulus is by adding chemical additives which 
is discussed in Chapter 5. In addition to this, as discussed in Chapter 2, the 
performance of these composites could be severely reduced at elevated temperatures. 
Hence, for finding the limitation of mixed PSW and its composites as a civil 
engineering material, the behaviour of these material under elevated temperatures is 
studied in Chapter 5. 
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Chapter 5:  Behaviour of mixed PSW and its composites under 
elevated temperatures 
 
5.1  Introduction 
Chapter 4 demonstrated that the strength properties of GMPC are suitable for civil 
engineering and construction applications. In these applications, the material systems 
are exposed to the environment. Hollaway (2010) identified elevated temperature, 
ultraviolet light, and ingress of moisture as some of the important in-service conditions 
that should be considered when using composite materials in civil engineering 
applications. As discussed in Section 2.6.1, the strength and stiffness were reduced for 
both reinforced and unreinforced virgin polypropylene at elevated temperatures 
(Gupta et al. (1989b); Carroll et al. (2001)). Therefore, this chapter investigates the 
behaviour of mixed PSW and its composites under elevated temperatures to 
understand their performance under extremely hot condition during summer and 
during fire exposure. 
The study, in this chapter, is divided into two parts. Part 1 aimed to find the 
glass transition temperature (Tg) of mixed PSW using dynamic mechanical analysis 
(DMA). Since the mixed PSW is collected from post-consumer waste, the Tg of the 
mixed PSW was determined for possible contamination. Researchers such as 
Mohanty, Verma and Nayak (2006); Romanzini et al. (2013) and Etaati et al. (2014) 
have studied the DMA properties of fibre-reinforced composites to investigate the 
effect of addition of fibres, coupling agents and compatibiliser on the fibre-matrix 
interface. However, studies related to the effect of elevated temperatures on the mixed 
PSW using DMA has not been extensive. Hence, this chapter proposes the use of DMA 
to study the effect of elevated temperature on the storage modulus, loss modulus and 
damping of mixed PSW and GMPC to give a preliminary insight into the level of 
interaction between the polymer matrix and fibre reinforcement at the elevated 
temperatures. In addition to this, the tensile behaviour of the coupon specimens under 
elevated temperatures was investigated, and their stress-strain curve and failure 
mechanisms were evaluated and compared. Moreover, an alternative way to calculate 
the reduction of bond strength using the modified rule of mixture was proposed to 
provide an important tool for civil engineers to predict the behaviour of the GMPC 
during elevated temperatures and fire retention.  
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In part 2, the chemical additives were mixed to increase the interfacial adhesion 
between the glass fibre and mixed PSW (matrix). As discussed in Chapter 2, several 
studies have shown that the addition of 2-3 wt. % of polypropylene-grafted-maleic 
anhydride (PP-g-MA) can improve the adhesion between glass fibre and matrix (Fu, 
He and Chen (2010); Yang et al. (2012)). However, the vast majority of these works 
focused on the compatibilisation of single and/or virgin polymers. Similarly, the 
processing stabiliser (Irgafos) has been added by many authors such as Pospíšil, Sitek 
and Pfaendner (1995); Gensler et al. (2000); Gugumus (2002) and Ojeda et al. (2011) 
to study the degradation behaviour of polyolefin. Despite the remarkable progress on 
the field of compatibilisation and restabilisation of polymer composites in the recent 
years, there is a lack of literatures dealing with the efficiency of these chemical 
additives on the mechanical behaviour of mixed PSW and its composites. Further to 
this, the addition of chemical additives can have different effects on mixed PSW 
(matrix) and GMPC. For instance as reported by Ha, Park and Cho (2000), the addition 
of compatibiliser in the ternary blends of plastics causes a reduction in tensile strength. 
Thus, the mechanical behaviour of mixed PSW and GMPC after the addition of 
chemical additives were evaluated separately in order to study their effects on the 
matrix and fibre-matrix interface. 
5.2  Experimental program 
5.2.1  Test specimens 
Eight types of specimens, without glass fibre (G-0), with glass fibre (G-10 to 30), with 
compatibiliser (G-0C and G-30C) and with processing stabiliser (G-0I & G-30I) are 
studied in this chapter. The composition of these specimens is shown in Table 5.1. 
The chemical compositions of the compatibiliser (polypropylene-grafted-maleic 
anhydride, PP-g-MA) and processing stabiliser (Irgafos-168, phosphitic antioxidant) 
are provided in Appendices C.1 and C.2, respectively. In part 2 experiments, the glass 
fibre content was fixed at 30 wt. % so as to study the effect of the chemical additives 
on the mechanical properties and the morphology of the GMPC specimens. The 
amount of the compatibiliser, PP-g-MA, was fixed to 2.5 wt. % as it is the optimum 
amount to achieve the highest tensile properties as suggested by Yang et al. (2012). 
Similarly, 1 wt. % of Irgafos-168 was added to study its effect on the tensile behaviour 
of the mixed PSW and its composites. 
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Table 5.1 Composition of test specimens 
Specimen name   G-0 G-10 G-20   G-30 G-0C G-30C G-0I G-30I 
Glass fibre (%) 0 10 20 30 0 30 0 30 
Mixed PSW (%) 100 90 80 70 97.5 67.5 99 69 
PP-g-MA (%) 0 0 0 0 2.5 2.5 0 0 
Irgafos-168 (%) 0 0 0 0 0 0 1 1 
5.2.2  Dynamic mechanical analysis (DMA) 
 
 
 
Schematic illustration Actual test set-up 
Figure 5.1 Test set-up for dynamic mechanical analysis 
NETZCH’s equipment DMA 242 E Artemis was used to evaluate the dynamic 
mechanical properties of the mixed PSW (G-0) and glass fibre-reinforced recycled 
mixed PSW composites (G-10 to G-30). DMA experiments were performed in 
accordance with ASTM D4065 (2012) standard. The injection moulded specimens 
were cut to the dimension of 55 x 10 x 4 mm to fit into the DMA equipment. The 
equipment was operated in a dual cantilever mode, shown in Figure 5.1, at 1 Hz 
frequency from -150°C to 150°C at a heating rate of 3°C/min. The data, which includes 
storage modulus (E’), loss modulus (E”) and damping (tan δ), were recorded and 
plotted against temperature. 
5.2.3  Tensile test under elevated temperatures 
An Instron 3119 environmental chamber, shown in Figure 5.2, was incorporated onto 
the 10 kN MTS machine to investigate the effect of elevated temperatures on the 
tensile properties. Tensile tests using coupon specimens were conducted following 
ISO 527-1 (2012). Test specimens were placed in the environmental chamber at the 
required temperature setting for 30 minutes prior to tensile testing. Then, the tensile 
load was applied in a controlled environment at constant temperature, simulating the 
Specimen 
Specimen 
Clamps Thermocouple 
Load shaft 
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summer weather (40°C and 60°C) and fire exposure without flame effect (60°C, 80°C 
and 100°C). The displacement was measured using MTS laser extensometer, which 
was placed outside the chamber, recording the data through the chamber’s glass 
window. The stress-strain curves were plotted until yield or failure was detected. The 
summary of the results of the peak tensile stress, tensile modulus and strain at peak 
under elevated temperatures is presented in Appendix C.3. 
 
 
Figure 5.2 Equipment setup for thermo-mechanical test 
Specimen 
Environmental 
chamber 
Extensometer 
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5.3  Dynamic mechanical behaviour of mixed PSW and GMPC 
5.3.1  Effect of temperature on storage modulus 
 
 
 
 
 
 
Figure 5.3 Effect of temperature on storage modulus of mixed PSW & GMPC 
Storage modulus (E’) measures the contribution of the elastic component of the 
specimens which is closely related to the load bearing capacity of a material. The effect 
of temperature on the storage modulus of mixed PSW and GMPC under DMA 
frequency of 1 Hz is given in Figure 5.3. This curve shows that there is increment in 
storage modulus with the addition of glass fibre which is analogous to the result 
presented in Table 4.4 which had been tested at room temperature. This is due to the 
greater degree of stress transfer between the matrix and glass fibre. Furthermore, as 
the temperature increases, E’ decreases and then a significant fall in E’ was noticed 
when the temperature reaches around -35°C which corresponds to the glass transition 
region of the mixed PSW matrix. This behaviour can be attributed to the increase in 
the molecular mobility of the polymer chains above glass transition temperature, Tg 
(Hameed et al. 2007).  
The effectiveness coefficient (C) for the GMPC specimens were evaluated to 
determine the reinforcing effect of fibre at elevated temperatures. This coefficient is 
taken as the ratio between the composite storage modulus (E’) in the room and elevated 
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temperature in relation to mixed PSW, and can be calculated using Eq. 5.1 (Romanzini 
et al. 2013): 
sin/
/
''
''
reEE
compositeEE
C
ER
ER      Eq. 5.1 
where E’R and E
’
E are the storage modulus values in the room temperature (23°C) and 
elevated temperature (40°C, 60°C, 80°C, 100°C), respectively. A high C value 
indicates low effectiveness of the fibres (Romanzini et al. 2013).  
Table 5.2 shows the effectiveness coefficient C as a function of temperature 
for the GMPC specimens. It can be seen, that for the specified temperature with the 
addition of glass fibre, the value of C decreases meaning that the higher addition of 
glass fibre produces higher reinforcing effectiveness. This finding is similar to 
Chapter 4 as summarised in Table 4.4 where an increment in the mechanical 
behaviour of GMPC specimens was observed with the addition of glass fibres. In 
general, as temperature increases the coefficient C decreases indicating that the 
reinforcing effect is higher at the elevated temperatures than at room temperature. This 
result can be explained based on a study performed by Manalo et al. (2015) on the 
effect of elevated temperatures on the mechanical properties of bamboo/polyester 
composites. They concluded that at elevated temperatures, the bamboo fibres are able 
to move throughout the loading process, hence more fibres participate in the load 
resistance of the composites. In the case of the GMPC specimens, the result is due to 
the softening of the matrix above Tg. The contribution of the matrix (mixed PSW) in 
the overall strength of the composite is decreased and the glass fibres reorient in the 
direction of the load resulting in the increment of the effectiveness coefficient at 
elevated temperatures. 
Table 5.2 Effectiveness coefficient C as a function of temperature 
Specimen name C(23-40°C) C(23-60°C) C(23-80°C) C(23-100°C) 
G-10 0.950 0.882 0.787 0.716 
G-20 0.947 0.879 0.767 0.655 
G-30 0.938 0.853 0.731 0.609 
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5.3.2  Effect of temperature on loss modulus 
Figure 5.4 Effect of temperature on loss modulus of mixed PSW & GMPC 
Loss modulus (E”) measures the contribution of the viscous component of the 
specimens and is proportional to the amount of energy dissipated as heat by the 
specimen. The effect of temperature on the loss modulus of the mixed PSW and GMPC 
specimens is shown in Figure 5.4. In general, all specimens showed two peaks 
representing the glass transition temperature of the constituent of mixed PSW. The 
glass transition temperature of HDPE, LDPE and PP is -120°C, -120°C and -18°C 
(Abdel-Bary 2003). Therefore, the first peak at around -130°C represents the glass 
transition of the polyethylene and second peak at around -30°C to 10°C represents the 
glass transition of the polypropylene. It should be noted that there was not a sharp peak 
at -30°C as the specimen is collected from post-consumer waste containing a mixture 
of different plastics and possible contamination. While studying the effect of the 
elevated temperature from 23-100°C, it should be noted that there is a mild onset at 
approximately 50°C for mixed PSW which is probably related to the softening or 
melting of mixed PSW. In the case of the GMPC specimens, the onset is more visible 
representing the possibility of bond slippage of the glass fibre and matrix or fibre 
motion due to the softening of the matrix. 
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5.3.3  Effect of temperature on damping 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Effect of temperature on damping of mixed PSW & GMPC 
Damping is determined by the ratio of loss modulus and storage modulus and is used 
to describe the damping behaviour of a material. According to Correa, Razzino and 
Hage (2007), lower damping is a sign of good fibre/matrix adhesion, as the damping 
is reduced by the restricted mobility of the polymer molecules upon the addition of 
stiff fibres. Using this theory, it can be concluded that at lower temperature (before -
30°C or Tg) there is better adhesion between the glass fibre and matrix as the damping 
value is low or fairly constant, as shown in Figure 5.5. However, with the increase in 
mobility of the matrix after reaching Tg, the adhesion between the glass fibre and 
matrix was affected (as is represented in Figure 5.5) where the slope of the curve 
increased sharply indicating the loss of fibre/matrix adhesion.  Furthermore, the peak 
at -110°C represents the melting of the LDPE after which adhesion between glass fibre 
and matrix is severely damaged. 
There was a high reduction of storage modulus at elevated temperature for both 
the unreinforced and reinforced mixed PSW. The loss modulus and damping curve 
indicates that the adhesion of fibre-matrix interface was severely affected after 
reaching Tg due to a weakening of the fibre/matrix bond which needs to be considered 
for theoretical modelling. In the next section, the tensile stress-strain behaviour and 
failure mechanism of the GMPC under elevated temperatures is presented. 
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5.4  Tensile behaviour of mixed PSW and GMPC under elevated temperatures 
5.4.1  Stress-strain diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Tensile stress-strain diagram under elevated temperatures 
Figure 5.6 shows the typical tensile stress-strain curve of mixed PSW and GMPC 
specimens under elevated temperatures. It can be seen that at an elevated temperatures, 
there is higher elongation of the specimens but a reduction in tensile strength and 
stiffness. The average values of peak tensile stress and tensile modulus of the 
specimens are shown in Figures 5.7 and 5.8, respectively. These figures show that at 
elevated temperatures, the tensile strength and modulus of the recycled mixed plastics 
significantly decreased. When the test temperature was increased from 23°C to 100°C, 
the G-0 specimens retained only 26% and 21% of tensile strength and modulus 
respectively. This is due to a softening of the mixed PSW above the glass transition 
temperature (Tg) (shown in Figure 5.3). Above Tg, the molecules possess sufficient 
thermal mobility to move completely past one another which further increases with the 
rise in temperature (Daniels 1989). This has resulted in a sharp reduction in the tensile 
properties at the elevated temperatures. 
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With the introduction of 30 wt. % of glass fibre in the mixed PSW, the 
percentage retention of tensile strength and modulus is increased to 29% and 25%, 
respectively. This is around 4% better than the G-0 specimens. This is due to the fact 
that the glass transition temperature of glass fibre is around 500-800°C (Avramov, 
Vassilev & Penkov 2005). This means that there is no degradation of mechanical 
properties of glass fibre in the range of temperatures considered in this study (23-
100°C). 
 
Figure 5.7 Peak tensile stress of mixed PSW and GMPC under elevated temperatures 
 
Figure 5.8 Tensile modulus of mixed PSW and GMPC under elevated temperatures 
 
23°C 40°C 60°C 80°C 100°C
G-0 14.83 10.89 7.65 5.50 3.87
G-10 17.79 14.51 10.07 7.48 5.11
G-20 22.23 18.64 13.04 9.68 6.59
G-30 25.74 20.12 14.90 10.96 7.37
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5.4.2  Failure behaviour 
 23°C 40°C 60°C 80°C 100°C 
 
 
 
G-0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G-10 
 
 
 
 
 
 
 
 
 
 
 
 
 
G-20 
 
 
 
 
 
 
 
 
 
 
 
 
G-30 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Failure pattern of mixed PSW and GMPC under elevated temperatures 
Figure 5.9 shows the typical failure pattern of mixed PSW and GMPC under elevated 
temperatures. It can be seen that the G-0 specimens showed a moderately ductile 
failure at room temperature. However, with the increment of temperature, the 
specimen became softer and ductile. With the addition of different percentages of glass 
fibre, the failure patterns differ significantly. The G-10 specimens showed a brittle 
failure at a temperature lower than 60°C. At 60°C, the G-10 specimens showed plastic 
deformation before failure; and above 60°C, extensive plastic deformation was 
observed with no breakage until 8% strain, as can be seen in Figure 5.6. Similarly, the 
G-20 specimens exhibited brittle failure up to 60°C and plastic deformation at 80°C. 
At 100°C, the G-20 specimens showed extensive plastic deformation with no breakage 
until the tensile strain of 8%. On the other hand, the G-30 specimens broke into two 
pieces in all temperature ranges. However, it should be noted that there was a plastic 
deformation before failure with the increase in the temperature. Thus, the failure 
behaviour of the mixed PSW and GMPC specimens under elevated temperatures can 
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be distinguished into three modes, namely ductile, moderately ductile and brittle as 
shown in Figure 5.10.  
 
Figure 5.10 Schematic representation of failure mechanism 
The effect of elevated temperature on the transition of brittle to ductile 
behaviour of the GMPC specimens is summarised in Table 5.3. This transition can be 
explained by the embrittlement effect which was discussed in Section 4.4.2 regarding 
the tensile failure of the specimens. According to this effect, during the tensile loading 
the crack originates from the reinforcing end and extends towards the matrix. 
However, with the increasing temperature, the glass fibres are reoriented in the 
direction of the load and the adhesion between glass fibre and matrix is affected as 
discussed in the DMA analysis in Section 5.3. This indicates that, at elevated 
temperature, the matrix becomes soft and malleable and elongated in the direction of 
the loading as shown in Figure 5.11, thus increasing the elongation at break but 
weakening the strength and modulus as seen in Figure 5.6. Similarly, the deterioration 
of the fibre/matrix adhesion at elevated temperature causes a gradual separation of the 
fibre and the matrix as the glass fibre slides in the matrix upon the application of the 
tensile force (Manalo et al. 2015). This is shown in the SEM graphs of the G-30 
specimens at elevated temperatures (Figure 5.11). It can clearly be seen for the 
specimen tested at 60°C and higher, the matrix melt is deposited in the pulled out glass 
fibre indicating the weakening of the bond strength at elevated temperatures. In the 
next section, the effect of addition of chemical additives in the tensile behaviour of 
mixed PSW and GMPC under elevated temperatures is presented. 
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Table 5.3 Summary of failure pattern of mixed PSW and its composites under elevated 
temperatures 
 23°C 40°C 60°C 80°C 100°C 
G-0 Ductile Ductile Ductile Ductile Ductile 
G-10 Brittle Brittle Moderately 
ductile 
Ductile Ductile 
G-20 Brittle Brittle Moderately 
ductile 
Moderately 
ductile 
Ductile 
G-30 Brittle Brittle Moderately 
ductile 
Moderately 
ductile 
Moderately 
ductile 
      
Temp. (°C) SEM observation 
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Figure 5.11 SEM observation of G-30 under elevated temperatures 
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5.5  Effect of addition of PP-g-MA and Irgafos 
5.5.1  Tensile behaviour 
 
 
Figure 5.12 Comparison of peak tensile stress of specimen with chemical additives 
under elevated temperatures 
 
Figure 5.13 Comparison of tensile modulus of specimen with chemical additives 
under elevated temperatures 
23°C 40°C 60°C 80°C 100°C
G-0 14.83 10.89 7.65 5.50 3.87
G-0C 13.26 10.97 7.51 5.42 3.85
G-0I 13.21 9.85 6.92 4.92 3.32
G-30 25.74 20.12 14.90 10.96 7.37
G-30C 26.44 21.10 14.84 10.49 6.83
G-30I 27.15 20.68 13.79 10.41 6.82
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Figure 5.14 Comparison of strain at break of specimen with chemical additives under 
elevated temperatures 
The effect of the addition of chemical additives on mixed PSW and its composites is 
studied by evaluating its tensile behaviour and comparing them with specimens 
without additives. The stress strain curve and visual observation of the failed 
specimens with chemical additives is shown in Appendix C.4 which are similar to the 
specimens without additives. Figures 5.12, 5.13 and 5.14 show the comparison of 
peak tensile stress, tensile modulus and strain at break for mixed PSW and its 
composites with chemical additives, respectively. First, the performance of the mixed 
plastic solid waste with different chemical additives under elevated temperature is 
discussed. Then, the improvement on the performance of the G-30 specimens with 
chemical additives is reported. 
 By comparing the G-0 and G-0C specimens, it is clear that there is reduction 
in average peak stress and modulus of elasticity of the tensile tested specimen. At room 
temperature, the peak tensile stress reduced from 14.8 MPa to 13.26 MPa and tensile 
modulus reduced from 0.91 GPa to 0.84 GPa with the addition of 2.5 wt. % of PP-g-
MA. This result is consistent with Ha, Park and Cho (2000) who observed that, for 
HDPE/PP/PVC blends, the tensile strength was slightly decreased with the addition of 
chlorinated polyethylene (CPE), styrene-ethylene-propylene block copolymer which 
is due to the incompatibility of these additives for these blends to act as a 
compatibiliser. In this research, a graft copolymer was used as a compatibiliser which 
reduced the tensile strength and modulus of blends of mixed PSW due to the rubbery 
nature of the graft copolymer as reported by Ha et al. (1996). Since the polyolefin does 
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not possess any polar groups to react with the polar maleic anhydride group in the graft 
copolymer, the compatibiliser was not so active. Similar to this, the comparison of G-
0 and G-0I specimens showed that the addition of 1 wt. % of Irgafos-168 also reduces 
the peak tensile stress to 13.21 MPa and tensile modulus to 0.80 GPa. This 
phenomenon could possibly be attributed to crosslinking (Kartalis et al. 1999). Since, 
after the addition of the stabiliser, no significant crosslinking occurs allowing the 
polymer chains to extend much more freely in a tensile mode experiment resulting in 
the reduction of its tensile properties. Furthermore, it can be observed that at the 
elevated temperatures (above 60°C), there was no significant difference between the 
tensile property of the specimens with and without chemical additives. The possible 
reason for this is that, at the elevated temperature, the matrix is already soft and rubbery 
and the molecules can move freely (Mouritz & Gibson 2007). 
There is a slight improvement in the tensile properties with the addition of 
chemical additives for GMPC. At room temperature, the addition of 2.5 wt. % of PP-
g-MA increased the tensile strength of the G-30 specimens from 25.74 MPa to 26.44 
MPa, which is about 2.7%. The best improvement was seen in the tensile modulus 
which increased from 3.07 GPa to 3.19 GPa, which is about 4%. Similar to this, the 
addition of 1 wt. % of Irgafos-168 increased the tensile strength and modulus of  the 
G-30 specimens to 27.15 MPa (about 5.48%) and 3.24 GPa (about 5.63%), 
respectively. This result is consistent with the result observed by Ghani et al. (2014) 
who found that the tensile strength is markedly increased with increasing antioxidant 
content through the creation of good interfacial bonding. The improvement in the 
tensile behaviour with the addition of chemical additives up to a temperature of 40°C 
is due to the improvement in the interfacial adhesion between the glass fibre and mixed 
PSW which is discussed in detail in next section. The improvement in the tensile 
behaviour is further validated by Figure 5.14 which shows the increment of elongation 
at break with the addition of chemical additives from 2.39% to 2.53% for the G-30C 
specimens and from 2.39% to 2.95% for the G-30I specimens at room temperature. 
Even though there is an improvement in the tensile properties up to 40°C, there is no 
significant change or improvement in the tensile property with the addition of chemical 
additives at 60°C or higher. As discussed in Section 5.4, the mixed PSW becomes soft 
at this level of temperature which weakens the adhesion of the glass fibre and mixed 
PSW. Hence, the addition of chemical additives did not improve the adhesion between 
the fibres and the matrix at elevated temperatures. 
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5.5.2  SEM observation of fractured surface 
Temperature 23°C 40°C 
G-30 
  
G-30C 
  
G-30I 
  
Figure 5.15 Comparison of SEM micrograph of tensile fractured surface with 
chemical additives 
The fractured surface morphologies of the tensile loaded specimens with chemical 
additives at 23°C and 40°C temperatures were observed through SEM (Figure 5.15). 
From the micrograph, it can clearly be seen that without chemical additives the mixed 
PSW has not adhered properly to the surface of the glass fibre. This is due to the fact 
that glass is polar in nature and polymer is non-polar, so these two materials are 
naturally incompatible and do not form hydrolytically stable bonds (Karian 2003). On 
the other hand, both chemical additives seem to have a greater ability to increase 
adhesion between the glass fibre and mixed PSW. This is shown in the micrograph 
with the presence of resin attached to the surface of glass fibre and better bonding of 
the glass fibre to the mixed PSW. This is due to the fact that the anhydride function 
groups of the compatibiliser can react with the hydroxyl groups of glass fibre surfaces 
Resin adhered 
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to generate a solid layer connecting the glass fibres and polymer (Yang et al. 2012). 
The improvement in tensile properties on specimens with chemical additives is also 
supported by these observations on morphology. 
5.6  Discussion 
The study of the behaviour of mixed PSW and its composites under elevated 
temperatures showed that the tensile strength and modulus decreases significantly. The 
results from the tensile test performed at 40°C simulating summer conditions shows 
that recycled mixed PSW has lower tensile properties than at room temperature. For 
example, the tensile strength decreases from 14.83 MPa to 10.89 MPa, and the tensile 
modulus decreases from 0.91 GPa to 0.57 GPa. Similarly, the test performed at 60°C-
100°C simulating fire exposure conditions shows that the recycled mixed PSW 
becomes soft and the adhesion of glass fibres and mixed PSW is severely affected 
which further decreases the tensile property. Furthermore, the comparison in Figure 
5.16 shows that there is a higher reduction in tensile modulus than tensile strength at 
elevated temperatures. The low modulus at higher temperature means it increases the 
deflection of the structures when it is loaded, making it critical to check the compliance 
of this material against serviceability limit requirements. 
 
Figure 5.16 Comparison of tensile behaviour of PP and mixed PSW under elevated 
temperatures 
A comparison of the effect of the elevated temperatures on virgin 
polypropylene (PP) based on Gupta et al. (1989b) and mixed PSW based on this study 
is shown in Figure 5.16. Since these are different materials, the data were normalised 
by dividing the data of the specimens at higher test temperatures to that of the data at 
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lowest test temperature. From Figure 5.16, it can be seen that in case of the tensile 
strength of PP and mixed PSW, the overall trend is similar. However, at around 60°C 
the reduction of tensile strength of the mixed PSW is higher as compared to that of PP. 
One of the reasons for the higher decrement of the strength of mixed PSW than PP is 
that it is a mixture of PP, HDPE and LDPE out of which HDPE and LDPE has a lower 
glass transition temperature than that of PP. This behaviour of mixed PSW should be 
considered in the design and application at higher temperatures.  
In this research, the addition of chemical additives in the mixed PSW showed 
a reduction in tensile properties. The addition of 2.5 wt. % of PP-g-MA resulted in 
10% and 8% reduction of tensile strength and tensile modulus, respectively. Similarly, 
addition of 1 wt. % of Irgafos-168 reduced the tensile strength and modulus by 11% 
and 12%, respectively. However in the case of the GMPC, there is an improvement in 
the tensile properties. In the case of the G-30 specimens, the addition of 2.5 wt. % of 
PP-g-MA increased the tensile strength and modulus by 2.7% and 4%, respectively. 
Similarly, the addition of 1 wt. % of Irgafos-168 in the G-30 specimens resulted in an 
increment of 5.5% of tensile strength and modulus. Thus, it can be concluded that the 
addition of chemical additives can improve the adhesion between glass fibre and the 
mixed PSW but at the expense of reduction of mechanical behaviour of mixed PSW.  
Also at elevated temperature above 60°C, there is not a significant improvement in the 
tensile behaviour of the specimens with chemical additives hence, future research 
should focus on the use of thermal coating to prevent the decrement of mechanical 
properties at elevated temperatures. 
5.7  Theoretical prediction of tensile behaviour at elevated temperatures 
In Chapter 4, the modified rule of mixture (ROM) (Eqs. 4.4 and 4.5) was used to 
predict the tensile behaviour of the GMPC specimens which is also adopted here to 
predict the tensile behaviour at elevated temperatures: 
mfffT EvEvE )1(1       Eq. 4.4 
mfffT vv ')1(21       Eq. 4.5 
Figures 5.17 and 5.18 show the comparison of the predictive model and 
experimental result of G-10, G-20 and G-30 in terms of peak tensile stress and tensile 
modulus, respectively. The detailed calculation is shown in Appendix C.5. The results 
show that the modified ROM (Eqs. 4.4 and 4.5) was able to predict the peak stress 
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and modulus until 40°C by considering the softening of the matrix (mixed PSW). 
However, with the further increment of temperature, the modified ROM highly 
overestimates the experimental values. This is because, when the temperature 
increases, the adhesion between the glass fibre and mixed PSW decreases as observed 
in the DMA analysis (Section 5.3) and SEM graphs (Figure 5.11). 
One way to calculate the decrease in the bond strength is by performing a single 
fibre pull-out test at higher temperatures. However, this experiment is tedious and time 
consuming. Hence, this research proposed an empirical relation to calculate the 
decrement of the bond strength at the elevated temperatures. A temperature reduction 
factor (
T ) was introduced in Eqs. 4.4 and 4.5 which transforms the bond strength 
calculated at room temperature to elevated temperature and predicts the behaviour at 
elevated temperature, which is given by Eqs. 5.2 and 5.3: 
mfffTT EvEvE )1(1       Eq. 5.2 
mfffTT vv ')1(21      Eq. 5.3 
Based on the experimental results, the temperature reduction factor,
T , is 
determined by the empirical relation as shown below: 
1T          if 23°C≤Tt≤40°C 
05.002125.00001875.0
2
 ttT TT    if 40°C<Tt≤100°C 
where Tt is the tensile test temperature in °C. The calculation of the temperature 
reduction factor is shown in Appendix C.5. The results of the modified ROM 
considering temperature reduction factor is shown in Figures 5.17 and 5.18 which 
shows a closer approximation to the experimental results. This validated that, due to 
the softening of the mixed PSW at elevated temperatures, the bond strength is reduced. 
Furthermore, comparison with the modified ROM showed that there was a 35%, 45% 
and 70% reduction in the bond strength at temperatures of 60°C, 80°C and 100°C, 
respectively. 
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Figure 5.17 Comparison of experimental and modified ROM tensile modulus under 
elevated temperatures 
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Figure 5.18 Comparison of experimental and modified ROM peak tensile stress 
under elevated temperatures 
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5.8  Conclusions 
The effect of elevated temperatures on the tensile behaviour of mixed PSW and GMPC 
specimens were investigated in this chapter. Moreover, 2.5 wt. % of PP-g-MA and 1 
wt. % of Irgafos-168 were added to investigate their effect on the tensile properties of 
mixed PSW and GMPC. A simplified theoretical equation was also proposed to predict 
the tensile properties of the GMPC specimens at elevated temperatures. Based on the 
results of the study, the following conclusions can be drawn: 
 The storage modulus of recycled mixed PSW increases with the addition of 
short glass fibres due to the greater degree of stress transfer between mixed 
PSW and glass fibre. The incorporation of glass fibre decreases the 
effectiveness coefficient from 0.938 at room temperature to 0.609 at 100°C 
which implies higher reinforcing effects at the elevated temperature than at 
room temperature due to the softening of the mixed PSW and the tendency of 
the glass fibre to reorient in the direction of the tensile load at higher 
temperatures 
 Two peaks were observed in the loss modulus curve; the first peak at -130°C 
indicating the glass transition temperature of polyethylene while the second 
peak was observed between -30°C to 10°C indicating the glass transition 
temperature of polypropylene. The mild onset at 50°C was due to the softening 
of mixed PSW and the slippage of the glass fibres 
 Below the glass transition temperature, the damping value is low or fairly 
constant showing a sign of good fibre/matrix adhesion but high value at 
elevated temperatures showing a sign of weaken fibre/matrix adhesion 
 A reduction in the tensile properties was observed for all the specimens under 
elevated temperatures. When the test temperature was increased from 23°C to 
100°C, the G-0 specimens retained only 26% and 21% of tensile strength and 
modulus, respectively, due to the softening of the mixed PSW. With the 
introduction of 30 wt. % of glass fibre in the mixed PSW, the percentage 
retention of tensile strength and modulus is increased to 29% and 25%, 
respectively, which is 4% better than that of mixed PSW 
 The elevated temperatures affected the failure behaviour of the glass fibre 
reinforced recycled mixed PSW composites. Typically, the failure pattern can 
be distinguished into three modes: ductile, moderately ductile and brittle. 
Chapter 5 
114 
 
Generally, the mixed PSW specimens with 10% to 30% of glass fibres 
exhibited brittle failure up to 40°C and moderately ductile and ductile failure 
above 40°C. SEM observation showed the elongation of mixed PSW and melt 
deposition in glass fibre after 40°C 
 The chemical additives, PP-g-MA and Irgafox-168, showed the reduction in 
the tensile strength and modulus due to the incompatibility of these additives 
to act as a compatibiliser to form crosslinking with the mixed PSW. However, 
there was increment of tensile properties of glass fibre reinforced specimens 
due to an improvement in the interfacial adhesion between the glass fibre and 
mixed PSW. SEM observations showed the presence of resin attached to the 
surface of the glass fibre and better bonding of the glass fibre with the mixed 
PSW. However, the addition of chemical additives did not improve the tensile 
properties above 60°C due to a softening of the matrix 
 A temperature reduction factor (
T ) was introduced into the modified ROM to 
account for the loss of bond strength above 40°C. A good agreement was 
achieved between the experimental and theoretical tensile strength and 
modulus at elevated temperatures. 
From these findings, it can be concluded that at elevated temperatures mechanical 
properties of GMPC is reduced due to a softening of the mixed PSW. This result 
implies that, for GMPC to be used as construction and building materials, designers 
should consider the design data at a higher temperature as the most critical situation. 
It should be noted that the percentage of PP-g-MA and Irgafos-168 may not be the 
optimal for mixed PSW and should be determined for better enhancement of the 
mechanical properties. Further to this, as discussed in Chapter 2, the long term 
exposure of mixed plastic solid waste under direct sunlight and UV exposure can 
degrade the specimen which is studied in Chapter 6. 
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Chapter 6:  Behaviour of mixed PSW and its composites under long-
term thermo-oxidative ageing 
 
6.1  Introduction 
Chapter 5 presented the behaviour of mixed plastic solid waste (PSW) and its 
composites when exposed to elevated temperatures. In addition to elevated 
temperatures, a construction material is also exposed to direct sunlight. As discussed 
in Section 2.6.2, many studies have reported on the degradation behaviour of plastics 
under the ultra-violet (UV) radiation, however most of them were single grade or 
virgin plastics. Due to the possible contamination in the mixed PSW and the addition 
of chromophore by glass fibre, UV radiation can damage recycled mixed PSW 
composites. Further to this, many studies on UV oxidation have focussed on the 
chemical change of polymers but there is lack of research dealing with degradation on 
the physical and mechanical behaviour of recycled mixed PSW. 
Matrix oxidation of composites due to UV radiation has been investigated by 
many researchers such as Buch and Shanahan (2000); Schieffer, Maire and Lévêque 
(2002); Decelle, Huet and Bellenger (2003) and Barjasteh et al. (2009). In general, 
oxidation is initially limited to a superficial layer until cracks appear in the layer. 
Cracks open new pathways for oxygen to penetrate the specimen and lead to more 
extensive oxidation. This process can continue until the polymer is completely 
oxidised resulting in weight loss and crack formation. Furthermore, a study performed 
by Colin and Verdu (2005) reported that the structural changes occurring in the 
oxidised layer at the macromolecular scale such as chain scission, shrinkage  can 
induce a stress gradient susceptible to the initiation and propagation of cracks. They 
further mentioned that even during thermal ageing in air, organic matrix composites 
can undergo a superficial oxidation leading to a spontaneous cracking without any 
application of external loadings. Hence, the investigation of thermo-oxidative ageing 
is important as degradation and shrinkage can affect the physical and mechanical 
properties of the composites.  
This chapter investigates the behaviour of the mixed PSW and its composites 
exposed to the temperature of 50°C and UV radiation for 2000 and 4000 hours creating 
thermo-oxidative ageing to simulate heat and sunlight. The behaviour of these 
specimens were then characterised by measuring the loss in weight, shrinkage, 
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microscopic observation of surface degradation and change in mechanical properties 
by tensile test. The comparison of mixed PSW specimens to that of the GMPC 
specimens with glass fibre and chemical additives provided an important information 
on how the addition of glass fibre and chemical additives to mixed PSW affect the 
mechanisms of thermo-oxidative ageing. Finally, the tensile strength of the GMPC 
specimens under thermo-oxidative ageing is predicted using modified rule of mixtures 
and compared with the experimental results. 
6.2  Experimental program 
6.2.1  Test specimens 
Mixed PSW and GMPC containing 10-30 wt. % of short fibre were used to study the 
effect of long term thermo-oxidative ageing. Similarly, the two chemical additives, 
polypropylene grafted maleic anhydride (PP-g-MA) and oligomeric hindered amine 
light stabiliser (Univul-5050), were added separately in mixed PSW and GMPC to 
study their effect separately. The details of the specimen are shown in Table 6.1. The 
chemical composition of Univul-5050 is shown in Appendix E.1. The amount of 
Univul-5050 was taken as 1.0 wt. % based on the product guideline. 
Table 6.1 Composition of test specimens 
Specimen name   G-0 G-10 G-20   G-30 G-0C G-30C G-0U G-30U 
GF (%) 0 10 20 30 0 30 0 30 
Mixed PSW (%) 100 90 80 70 97.5 67.5 99 69 
PP-g-MA (%) 0 0 0 0 2.5 2.5 0 0 
Univul-5050 (%) 0 0 0 0 0 0 1 1 
6.2.2  Accelerated thermo-oxidative ageing test 
  
(a) Suntest XLS Tabletop Xenon 
exposure system 
(b) Specimen placed inside testing 
chamber 
Figure 6.1 Test chamber for thermo-oxidative ageing 
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The effect of thermo-oxidative ageing can be determined by accelerated laboratory 
testing or direct exposure to the sunlight. Since natural weathering is a time consuming 
method, an accelerated thermo-oxidative ageing was conducted using a solar radiation 
simulator (ATLAS, Suntest XLS as shown in Figure 6.1(a)) with 980 cm2 of exposure 
area. The specimen was placed inside the chamber as shown in Figure 6.1(b) and 
subjected to 2000 and 4000 hours of UV radiation produced by a 2200 Watt air-cooled 
xenon arc lamp (cut off < 290nm) (Item: ATL56-0777-98 supplied by ThermoFisher 
Scientific). The ageing tests were performed in accordance with the ASTM G155 
(2013) standard such that the total intensity of the lamp was about 500 W/m2 and the 
chamber air temperature was about 50°C. After the specified time, the specimens were 
taken from the UV chamber and weighted, examined by microscope and mechanically 
tested. Tensile tests of the exposed specimens were conducted following ISO 527-1 
(2012) and the test results were compared with an unexposed specimens. The summary 
of test results under thermo-oxidative ageing is shown in Appendix D.2. 
6.2.3  X-ray photoelectron spectroscopy (XPS) 
 
Figure 6.2 XPS scan of recycled mixed PSW with and without chemical additives 
As discussed in Section 2.6.2, in theory polyolefin is impervious to ultra violet 
degradation however most of the commercial polymers contain chromophoric groups 
which are capable of absorbing UV energy. Since the recycled mixed PSW is a mixture 
of different plastics with the possibility of contamination, XPS analysis was performed 
to determine the percentages of the elements present at the surface. X-ray 
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photoelectron spectra were collected using a Kratos Axis Ultra with a monochromatic 
X-ray beam from the Al target at 150 W. Each analysis began with a survey scan from 
0 to 1200 eV binding energy to determine the ratio of elemental oxygen to carbon 
(O/C). A high resolution spectrum of the O1s region from 275 to 300 eV and of the C1s 
region from 525 to 540 eV were collected to determine the types of oxygen-carbon 
bonds present. The relative elemental compositions of the specimens are presented in 
Table 6.2.  
In all the three specimens, G-0, G-0C and G-0U, the main elements detected 
using XPS were oxygen and carbon as shown in Figure 6.2. Although XPS analysis 
is not sensitive enough to find the elemental difference between the three specimens, 
the high resolution conducted on the three specimens shows the presence of C-C and 
C=O bonds, as shown in Table 6.3, which means that all the specimens with and 
without chemical additives are capable of absorbing the ultra violet radiation and 
involved in the photoreactions that result in the degradation of the recycled mixed 
PSW. The physical and tensile behaviour of the mixed PSW and its composites after 
thermo-oxidative ageing are discussed in the succeeding sections. 
Table 6.2 Relative percentage of atoms at sample surface determined by low-resolution 
XPS scan 
Element G-0 G-0C G-0U 
O1s 1.83 1.50 1.81 
C1s 98.17 98.50 98.19 
 
Table 6.3 Oxygen-carbon bond determined by high resolution XPS of scan of O1s and 
C1s region 
Bond G-0  G-0C  G-0U 
Position 
(eV) 
Relative  
(%) 
 Position 
(eV) 
Relative  
(%) 
 Position 
(eV) 
Relative  
(%) 
O=C 531.982 0.7696  531.798 0.2343  532.63 0.6613 
O-C 533.244 1.203  533.208 1.058  534.03 0.4367 
C-C ref 285 73.79  285 80.37  285 80.83 
C-C 285.473 20.65  285.565 15.63  285.57 15.28 
C-C+C-O 286.419 2.06  286.646 2.089  286.402 2.105 
C=O 287.216 0.9526  287.837 0.3795  287.53 0.4446 
COO 288.984 0.5696  289.022 0.2334  288.81 0.2371 
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6.3  Physical properties 
6.3.1  Weight loss 
 
Figure 6.3 Loss of weight of mixed PSW and its composites under thermo-oxidative 
ageing 
Figure 6.3 shows the loss of weight of mixed PSW and its composites under thermo-
oxidative ageing. This figure indicates that the addition of 10-30 wt. % of glass fibre 
and 1 wt. % of Univul-5050 decreases the weight loss whereas the addition of 2.5 wt. 
% of PP-g-MA further increases the weight loss. The weight loss of the specimen is 
calculated by Eq. 6.1: 
Weight loss (%) = 100

i
fi
m
mm
     Eq. 6.1 
Where mi, mf are the weight of the specimen before and after the thermo-oxidative 
ageing, respectively. In the case of the G-0 specimens, the weight loss can be directly 
linked to the photo-degradation of mixed polyolefin. In general, UV light energy 
causes the dissociation of C-C and C-H bonds and breaks the polymer chains causing 
deterioration (Yousif & Haddad 2013). This is evidenced by the optical micrographs 
shown in Figure 6.4 which illustrates that the exposed surface of mixed PSW (G-0 
specimen) show the increment of crack width under the thermo-oxidation for 2000 and 
4000 hours. 
In the case of the GMPC specimens, the percentage weight loss of the 
specimens decreased with the increment of the glass fibre content. It can be seen that 
the weight loss reduced from 0.85% (for G-0) to 0.50% (for G-30) and 1.46% (for G-
0) to 0.71% (for G-30) with the addition of 30 wt. % of glass fibre after the thermo-
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oxidative ageing for 2000 hours and 4000 hours, respectively. This is clearly depicted 
by the optical micrograph shown in Figure 6.4 showing a lower number of cracks and 
deterioration with the addition of glass fibre. This can be explained by the fact that the 
glass fibre tends to bind the mixed PSW and, during the thermo-oxidation, less matrix 
is eroded. As seen in Figure 6.4, the glass fibre becomes visible after the thermo-
oxidation but reduces the crack width.  
 In the case of the specimens with chemical additives, different additives 
showed different levels of degradation when exposed to UV rays. With the addition of 
2.5 wt. % of PP-g-MA in the mixed PSW, the effect of UV rays is not significantly 
different. The G-0C specimens showed a reduction of 0.60% and 1.38% after 2000 
and 4000 hours of thermo-oxidation, respectively which is in the range similar to the 
G-0 specimens. However, in the G-30C specimens, the percentage weight loss is much 
higher than that of the G-30 specimens. The G-30C specimens showed a weight loss 
of 0.76% and 1.21% after 2000 and 4000 hours UV exposure, respectively which is 
25% higher than that of the G-30 specimens. This is due to the fact that the 
compatibiliser, PP-g-MA, can introduce photo-responsive groups to the mixed PSW 
matrix, such as carboxylic acid and anhydride that can catalyse the photo-oxidation 
(Qin et al. 2005). These photo-responsive groups contain oxygen-oxygen double 
bonds (O=O) that are capable of absorbing UV energy and involved in the photo-
oxidation of the polymer (Yousif & Haddad 2013). This is validated by Figure 6.5 
which shows that the surface degradation of the G-30C specimens is higher than that 
of the G-30 specimens. Hence, the photo-responsive groups could have affected the 
fibre-matrix interface and possible removal of glass fibre from the exposed surface 
resulting in higher weight loss. 
With the addition of 1 wt. % of oligomeric hindered amine light stabiliser 
(HALS), the weight loss percentage significantly decreased for both unreinforced and 
30 wt. % glass fibre-reinforced specimens. The G-0U specimens showed a weight loss 
of 0.31% and 0.95% whereas the G-30U specimens showed a weight loss of 0.25% 
and 0.66% after 2000 and 4000 hours of thermo-oxidation, respectively. The reason is 
well explained in the review conducted by Yousif and Haddad (2013). They reported 
that the mechanisms of HALS include scavenging free radicals and deactivation of 
hydroperoxides and peracids. Hence, HALS are able to interconvert in cyclic pathways 
by acting as radical scavengers and destroy free radical species which could lead to 
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polymer degradation. This is evident in Figure 6.5 which shows less surface 
degradation of the specimen containing HALS (1 wt. % of Univul-5050). 
 
Schematic representation of surface observed under optical microscope 
 Before exposure After 2000 hours After 4000 hours 
G-0 
 
G-10 
 
G-20 
 
G-30 
 
Figure 6.4 Surface degradation of mixed PSW and GMPC under thermo-oxidative 
ageing 
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Schematic representation of surface observed under optical microscope 
 Before exposure After 2000 hours  After 4000 hours  
G-0C 
 
G-0U 
 
G-30C 
 
G-30U 
 
Figure 6.5 Surface degradation of mixed PSW and GMPC with chemical additives 
under thermo-oxidative ageing 
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6.3.2  Dimension reduction 
 
Figure 6.6 Dimension reduction of mixed PSW and its composites exposed to 2000 
hours of thermo-oxidative ageing 
 
Figure 6.7 Dimension reduction of mixed PSW and its composites exposed to 4000 
hours of thermo-oxidative ageing 
 
Figure 6.8 Change in density of mixed PSW and its composites under thermo- 
oxidative ageing 
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Figures 6.6 and 6.7 show a reduction in the width and thickness of the specimens 
subjected to 2000 and 4000 hours of thermo-oxidative ageing inside the UV testing 
chamber, respectively. As shown in Figure 6.1(b), UV radiation directly falls on the 
top surface of the specimens which deteriorates the matrix (as discussed in the previous 
section) and reduces the thickness of the specimen which is found to be similar for all 
the specimens about 0.02 mm and 0.04 mm for 2000 and 4000 hours of exposure, 
respectively. It is also observed that there is a reduction in the width of the specimens 
due to the long-term exposure of the specimens under UV radiation and elevated 
temperature of 50°C which shrinks the mixed PSW. It should be noted that the 
temperature in the UV chamber is maintained at 50°C which is higher than the glass 
transition temperature of mixed PSW which was found to be around -30°C from the 
DMA analysis discussed in Section 5.3. Hence, the shrinkage of the specimens is due 
to the thermo-oxidation which is responsible for the departure of the volatile species 
and macromolecular chain scission in polymer resins leading to shrinkage generating 
tensile stress and cracks in the resin (Vu, Gigliotti & Lafarie-Frenot 2012).  
The comparison of Figures 6.6 and 6.7 show that there is higher shrinkage of 
the specimens at the initial stage which is shown by the shrinkage of around 0.05 mm 
after 2000 hours of exposure and about 0.08 mm shrinkage after 4000 hours of 
exposure. The probable reason is that during the initial shrinkage, the voids are filled 
by the matrix which is reduced in the later stage. This reduction of the dimension is 
due to both the deterioration of the matrix (discussed in Section 6.3.1) and shrinkage 
of the specimens. To justify the shrinkage of the specimens, the density of the 
unexposed and exposed specimens was calculated. The detailed calculation is shown 
in Appendix D.2 and result is shown in Figure 6.8. This figure shows that despite the 
loss of weight, due to the shrinkage of the specimens, there is an increment of the 
density of the exposed specimens which increased around 1-3% and 3-5% after 2000 
and 4000 hours of exposure, respectively. This confirms that there is a shrinkage of 
the specimens which can affect the tensile properties of the exposed specimens which 
is discussed in the next section. 
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6.4  Tensile properties of mixed PSW and GMPC under thermo-oxidative ageing 
6.4.1  Stress-strain diagram 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9 Tensile stress-strain diagram of mixed PSW and GMPC under thermo-
oxidative ageing 
Figure 6.9 shows the stress-strain diagram of the unexposed and exposed mixed PSW 
and GMPC specimens under the tensile loading. As discussed in Section 6.3.1, due to 
the weight loss and surface degradation for the exposed surface of the specimens, there 
will be decrement of tensile properties which is mostly true for the unreinforced 
specimens. However, in case of the GMPC specimens, there is an increment of tensile 
strength and modulus with the introduction of thermo-oxidation. This can be explained 
by the shrinkage of the specimens as discussed in Section 6.3.2. The schematic 
representation of weight loss and dimension reduction proposed by Goel et al. (2008) 
is shown in Figure 6.10. As shown in Figure 6.10, with the introduction of UV 
radiation and temperature, the polymeric chain is broken and the surface exposed to 
direct UV radiation is eroded resulting in the loss of weight. Similarly, due to the 
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shrinkage of the specimens, the outermost surface would try to contract but is inhibited 
from doing so by the unexposed layer at the bottom (Tong & White 1997). 
This constraint introduces a tensile stress in the outermost layer and a 
compressive stress on the unexposed surface. It was noticed that the tensile stress 
resulted in transverse cracking, not only on the directly exposed layer (shown in 
Figures 6.4 and 6.5), but also in all the outer surfaces (shown in Figure 6.11). Such 
cracks in a material result in a deterioration of the elongation at break of the specimen 
due to the presence of cracks. Also, due to the compressive stress developed due to the 
shrinkage of the specimen, the matrix will compress the glass fibres resulting in better 
bonding of the fibre/matrix interface. This ultimately increases the tensile properties 
of the exposed GMPC specimens. The effect of thermo-oxidative ageing is 
summarised in Table 6.4 which shows that the negative effect such as weight loss, 
surface degradation and crack formation which reduces tensile properties but has the 
positive effect of the thermo-oxidative shrinkage resulting in better bonding of the 
fibre-matrix interface which improves tensile properties. 
Table 6.4 Effect of thermo-oxidative ageing on the tensile properties of GMPC 
specimen 
Reduction of tensile properties due to Improvement of tensile properties due to 
- Weight loss - Shrinkage 
- Surface degradation and cracks - Compressive stress at underlying section 
 
 
 
Figure 6.10 Schematic representation of the effect of UV exposure (adapted from 
Goel et al. (2008)) 
Surface degradation 
Cracks 
Compressive 
stress 
Tensile 
stress 
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Figure 6.11 Transverse cracking on the outer surface of G-0 specimen under thermo-
oxidative ageing 
Figures 6.12, 6.13 and 6.14 show the summary of the average values of tensile 
stress, tensile modulus and strain at peak of mixed PSW and GMPC under thermo-
oxidative ageing, respectively. In the mixed PSW with no fibres, it was observed that 
the peak tensile stress decreases from 14.83 MPa (before exposure) to 14.49 MPa and 
14.26 MPa after 2000 and 4000 hours of exposure, respectively. Whereas the tensile 
modulus showed the improvement from 0.91 GPa (before exposure) to 0.96 GPa and 
0.94 GPa after 2000 and 4000 hours of exposure, respectively. Similar results were 
observed by Claude et al. (2004) and Boubakri et al. (2010) who explained  the increase 
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crack 
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in the Young modulus of the UV-exposed polymer as the  formation of additional 
crosslinked structures giving highly ordered structure.  
In case of the GMPC specimens, it is clear to see that after 2000 hours of 
thermo-oxidative ageing, there is 3 to 10% increment in peak stress and 5 to 18% 
increment in modulus of elasticity. After 4000 hours of thermo-oxidative ageing, the 
G-10 and G-20 specimens showed a slight reduction in tensile stress and modulus. The 
tensile stress of the G-10 and G-20 specimens reduced from 18.74 MPa to 18.53 MPa 
and 24.52 MPa to 24.15 MPa, respectively, when thermo-oxidation is increased from 
2000 hours to 4000 hours. The tensile modulus also reduced to 1.68 GPa and 2.47 GPa 
for the G-10 and G-20 specimens, respectively, when the specimens are exposed for 
4000 hours of thermo-oxidation. However, in case of the G-30 specimens, both tensile 
stress and modulus increased to 27.06 MPa and 3.59 GPa, respectively. The probable 
reason is that, with the increment of the glass fibre content, there is less surface 
degradation as shown in Figure 6.4. With less surface degradation, more unexposed 
glass fibre will resist the tensile loading. In the case of the G-10 and G-20 specimens, 
at 4000 hours of thermo-oxidation, the surface degradation is clearly visible compared 
to that of the G-30 specimens. Hence, in the case of the G-30 specimens, shrinkage is 
the dominating factor which continuously increases the tensile behaviour. 
In all the exposed specimens, the embrittlement of the exposed surface due to 
thermo-oxidative ageing lead to a reduction of strain at peak. The photo-oxidation 
ageing, controlled by diffusion of O2 in the thick sample, leads to the formation of 
surface cracks which can propagate into the specimen and increase the degradation of 
the surface exposed to UV radiation (Yakimets, Lai & Guigon 2004).  Hence, when 
the specimen is tested under tensile loading, the failure originates from these cracks 
resulting in the decrement of the strain at peak. It was observed that for the G-0 
specimens (mixed PSW), the strain at peak reduced by 12% when the specimens were 
exposed to 4000 hours of thermo-oxidative ageing. However, for the same duration of 
thermo-oxidation, the G-30 specimens showed a much higher reduction of strain at 
peak which is about 28%. This can be explained by the embrittlement effect (which 
was previously discussed in Chapter 4 for the unexposed specimen). According to 
this, in the case of the GMPC specimens, the cracks originate from the reinforcing 
ends and propagate toward the matrix. Due to the crack formation at the surface, the 
crack originating from reinforcement can quickly propagate, resulting in a higher 
reduction in strain at peak. 
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Figure 6.12 Peak tensile stress of mixed PSW and GMPC under thermo-oxidative 
ageing 
 
Figure 6.13 Tensile modulus of mixed PSW and GMPC under thermo-oxidative 
ageing 
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Figure 6.14 Strain at peak stress of mixed PSW and GMPC under thermo-oxidative 
ageing 
6.4.2  SEM observation of fractured surface 
Figure 6.15 shows the SEM observation of fractured surface of the tensile tested G-
30 specimens under thermo-oxidative ageing. The SEM were observed in two different 
locations, one near the outer surface exposed to direct UV radiation and another at the 
mid-section as shown in schematic representation in Figure 6.15. From the SEM 
observation of the section near the outer surface, it can be seen that with the 
introduction of thermo-oxidative ageing for 2000 and 4000 hours, the cracks are seen 
only to the micro-depth of the specimen. As discussed in Section 6.3.2, due to the 
shrinkage of the specimens after 2000 and 4000 hours of exposure, there is better 
bonding of the glass fibre and matrix which is shown in the SEM micrographs by the 
resin adhered in the glass fibre. Similarly, the SEM observation of mid-section of the 
unexposed specimen shows no damage to the resin. It also shows that at the mid-
section there is good bonding of the specimens without exposure. Furthermore, with 
the introduction of thermo-oxidative exposure, there is more resin attached to the fibre. 
This is clearly seen for the G-30 specimens after 2000 and 4000 hours exposure which 
is validated in the increase of tensile strength to 26.33 and 27.06 MPa, respectively. 
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Figure 6.15 SEM observation of G-30 specimen under thermo-oxidative ageing 
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6.5  Tensile properties of specimens with chemical additives under thermo-
oxidative ageing 
6.5.1  Stress-strain diagram 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16 Tensile stress-strain diagram of specimens with chemical additives under 
thermo-oxidative ageing 
Figure 6.16 shows the tensile stress-strain diagram of the specimens with chemical 
additives exposed to thermo-oxidative ageing. The average values of peak tensile 
stress, tensile modulus and strain at peak of the specimens with chemical additives are 
summarised in Figures 6.17, 6.18 and 6.19, respectively. It can be seen that the G-0C 
and G-0I specimens (mixed PSW with chemical additives) showed slight improvement 
in the tensile properties under thermo-oxidative ageing. The peak tensile stress of the 
G-0C specimens increased from 13.26 MPa (before exposure) to 15.49 MPa and 14.38 
MPa after 2000 and 4000 hours of exposure, respectively. Also, the peak tensile stress 
of the G-0C specimens increased from 13.87 MPa (before exposure) to 14.48 MPa 
(after 2000 hours) and 14.54 MPa (after 4000 hours). Similarly after 4000 hours of 
exposure, the tensile modulus of the G-0C and G-0I specimens increased by 13% and 
2.3%, respectively. This improvement of tensile behaviour are similar to that of the G-
0 specimens which can be explained by the fact that there is formation of additional 
crosslinked structures after thermo-oxidative ageing (Claude et al. 2004).  
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In case of the exposed specimens with chemical additives (G-30C and G-30U), 
there is higher improvement in tensile properties as compared to the exposed G-30 
specimens. After 4000 hours of exposure, the tensile strength of the G-30C and G-30U 
specimens increased by 16% and 11%, respectively, which is a larger improvement 
than the G-30 specimens (increased by 5%). Similarly, the tensile modulus of the G-
30C and G-30U specimens increased by 21% and 18% which is a slightly higher 
improvement than the G-30 specimens (increased by 17%). The reason for the higher 
improvement in the tensile strength of the G-30C is due to the shrinkage of the 
specimens which improves the interfacial adhesion between glass fibre and matrix as 
seen in Figure 6.20. On the other hand, in case of the unexposed G-30U specimen, it 
is observed that G-30U specimens have a slightly lower tensile strength and modulus 
of 23.41MPa and 2.87 GPa, respectively, than the G-30 specimens which has the 
tensile strength and modulus of 25.74 MPa and 3.07 GPa. However after the exposure, 
the tensile properties are comparable to the G-30 specimens. This is due to the lower 
surface degradation of the specimen containing HALS which protects the underlying 
bonding of the glass fibre and matrix which improves the tensile properties. 
In the case of the G-0C specimens, due to the higher surface degradation and 
crack formation, the strain at peak reduced from 11.8% to 7.5% after 4000 hours of 
exposure and the failure mode transited from ductile to brittle. However, in case of G-
0U specimens, it can be seen that there is no transition of ductile to brittle failure as all 
the specimens showed elongation even after the thermo-oxidation ageing which shows 
that the addition of HALS can reduce the degradation mechanism. On the other hand, 
in the case of the G-30C specimens, there is lower reduction in strain at peak than the 
G-30 specimens despite the surface degradation which is due to better bonding of the 
glass fibre and matrix. In case of the G-30U specimens, despite lower surface 
degradation, there is not much improvement in the strain at peak which is due to the 
incompatibility of the glass fibre and HALS compound which result in a decrement of 
strain at peak. 
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Figure 6.17 Peak tensile stress of specimens with chemical additives under thermo-
oxidative ageing 
 
Figure 6.18 Tensile modulus of specimens with chemical additives under thermo-
oxidative ageing 
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Figure 6.19 Strain at peak stress with chemical additives under thermo-oxidative 
ageing 
6.5.2  SEM observation of fractured surface 
Figures 6.20 and 6.21 show the SEM observation of the fractured surface of the G-
30C and G-30U specimens under thermo-oxidative ageing, respectively. Similar to the 
observation of the G-30 specimens as discussed in Section 6.4.2, the G-30C and G-
30U specimens showed good fibre matrix bonding with the introduction of thermo-
oxidation for 2000 and 4000 hours. Figure 6.20 shows the SEM micrographs of the 
exposed G-30C specimens which shows that there is more resin adhered in the glass 
fibre indicating a good fibre matrix interlocking. In the case of G-30U, as seen in 
Figure 6.21, there is less fibre matrix interlocking compared to the G-30 and G-30C 
specimens which validates that the increase in tensile properties is due to less surface 
degradation of G-30U specimen. 
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Figure 6.20 SEM observation of G-30C specimen under thermo-oxidative ageing 
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Figure 6.21 SEM observation of G-30U specimen under thermo-oxidative ageing 
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6.6  Discussion 
 
 
 
Figure 6.22 Property retention of (a) Peak tensile strength, (b) Tensile modulus and 
(c) Strain at peak stress 
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Figure 6.22 shows the property retention of peak tensile strength, tensile modulus and 
strain at peak stress under thermo-oxidative ageing. The figures show that the mixed 
PSW (G-0) retained 95% of their tensile strength after 4000 hours of exposure. In the 
case of tensile modulus, there is 105% retention after 2000 hours of exposure after 
which it starts to decrease. With the addition of 30 wt. % of glass fibre, the retention 
of tensile strength and tensile modulus is increased to 105% and 116%, respectively 
after 4000 hours of exposure. The addition of chemical additives further increased the 
property retention. Both the G-30C and G-30U specimens retained around 115% and 
120% of their tensile strength and modulus, respectively after 4000 hours of exposure. 
Similar results were observed in the research conducted by Gu (2008) who studied the 
physical degradation of glass fibre/polyester composites after ultraviolet radiation and 
found that there is no significant influence on tensile properties. However, there is a 
lack of published articles justifying the improvement in tensile properties. 
In this research, it was found that the shrinkage of the specimens led to the 
improvement in the bonding of the glass fibre and matrix which resulted in the 
increment of tensile properties. Moreover, it was also seen that for the G-10 and G-20 
specimens after 4000 hours of exposure, there was a slight reduction in tensile strength 
retention as seen in Figure 6.22 which emphasises that the surface degradation 
becomes higher. However, in case of the G-30 specimens, the shrinkage and bonding 
still plays an important role in increasing the strength despite the surface degradation 
even after 4000 hours of exposure.  
Despite the shrinkage and bonding increasing the tensile strength and modulus, 
the thermo-oxidative exposure reduces the strain at peak stress as seen in Figure 
6.22(c). It was observed that the mixed PSW retained 88% and 85% of their strain at 
peak stress after 2000 and 4000 hours of exposure, respectively. This was further 
reduced to 70% with the addition of 30 wt. % of glass fibres after 4000 hours of 
exposure. The addition of chemical additives in the G-30 specimens increased the 
retention of strain at peak stress. The G-30C and G30U specimens retained 90% and 
76% of their strain at peak stress, respectively, after 4000 hours of exposure. Optical 
microscopy and scanning electron microscopy (SEM) were also performed on 
unexposed and exposed specimens in regions showing degradation as well as on 
fracture surfaces. These observations gave insights into the surface degradation and 
failure processes related to ageing. The tensile test results, in conjunction with the 
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microscopic study, revealed the important connection between their tensile properties 
and shrinkage mechanisms improving the interfacial bonding. 
6.7  Theoretical prediction of tensile strength of GMPC specimens under thermo-
oxidative ageing 
Similar to Chapter 5, the modified rule of mixture (ROM) of Chapter 4 (Eq. 4.5) 
was used to predict the tensile strength of the GMPC specimen which is also adopted 
here to predict the tensile behaviour under thermo-oxidative ageing: 
mfffT vv ')1(21       Eq. 4.5 
Figure 6.23 show the comparison of the predictive model and experimental 
results for G-10, G-20 and G-30 in terms of peak tensile stress under thermo-oxidative 
ageing. The detailed calculation is shown in Appendix D.3. The results show that the 
modified ROM (Eq. 4.5) underestimates the experimental values. This is because with 
the thermo-oxidative ageing, there is a shrinkage of the specimen which improves the 
adhesion between the glass fibre and the mixed PSW. Thus, a shrinkage factor ( S ) 
was introduced in Eq. 4.5 to predict the behaviour under thermo-oxidative ageing, 
which is given by Eq. 6.2: 
mfffST vv ')1(21       Eq. 6.2 
Based on the experimental results, the shrinkage factor, S , is determined by 
the empirical relation as shown below in Eq. 6.3:      
10001.0102 28   tts   Eq. 6.3 
where t is the total duration of thermo-oxidative ageing in hours. The 
calculation of the shrinkage factor is shown in Appendix D.3. The result of the 
modified ROM considering shrinkage factor shows a closer approximation of the 
experimental results (Figure 6.23). This confirms that, due to the shrinkage of the 
specimen, bond strength is slightly increased. Furthermore, comparison with the 
modified ROM showed that there was a 20% and 25% improvement in the bond 
strength after thermo-oxidative ageing for 2000 and 4000 hours, respectively. A longer 
UV exposure should be conducted to further verify the proposed equation for 
predicting the long-term behaviour under thermo-oxidative ageing. 
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Figure 6.23 Comparison of experimental and modified ROM peak stress under 
thermo-oxidative ageing 
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6.8  Conclusions 
The effects of thermo-oxidative ageing on the physical and tensile behaviour of mixed 
PSW and GMPC specimens were investigated. Since the compatibiliser and HALS are 
often used to increase bonding and protect from UV rays, respectively, 2.5 wt. % of 
PP-g-MA and 1 wt. % of Univul-5050 were added to investigate their behaviour after 
thermo-oxidative ageing. Based on the results of the study, the following conclusions 
can be drawn: 
 XPS analysis of mixed PSW shows the presence of a carbon and oxygen bond 
capable of absorbing UV energy and photo-oxidising the specimen. The mixed 
PSW and its composites exposed to thermo-oxidative ageing for 2000 and 4000 
hours showed loss of weight and surface degradation. The recycled mixed 
plastic solid waste lost 0.86% and 1.4% of weight after 2000 and 4000 hours 
of exposure, respectively, due to the dissociation of C-C and C-H bonds which 
breaks the polymer chains as evidenced by the optical micrographs. With the 
addition of 30 wt. % of glass fibre, the weight loss reduced to 0.50% and 0.71% 
after 2000 and 4000 hours of exposure respectively, which is due to the 
tendency of glass fibre to bind the mixed PSW 
 The addition of 2.5 wt. % of PP-g-MA to the G-30 specimens increased the 
weight loss and surface degradation to 0.76% and 1.21% after 2000 and 4000 
hours of exposure. This is due to the presence of maleic anhydride containing 
oxygen-oxygen double bonds capable of absorbing UV energy and photo-
oxidising the specimen 
 The addition of 1 wt. % of HALS to the G-30 specimens resulted in a decrease 
of weight loss and surface degradation of the GMPC specimens which was 
reduced to 0.25 and 0.66% after 2000 and 4000 hours of exposure. This is due 
to the tendency of HALS to act as radical scavengers and destroy free radical 
species which could lead to polymer degradation 
 All of the specimens under thermo-oxidative ageing showed a reduction of the 
dimension and increment of the density. The thickness of all specimen reduced 
to about 0.02 mm and 0.04 mm after 2000 and 4000 hours of thermo-oxidation, 
respectively. Due to the shrinkage of the specimen, there is an increment of the 
density of the exposed specimen which increased around 1-3% and 3-5% after 
thermo-oxidation of 2000 and 4000 hours, respectively. This is due to the fact 
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that thermo-oxidation resulted in the departure of the volatile species and 
macromolecular chain scission in polymer resins leading to shrinkage. This 
generates tensile stress and cracks in the outer surface of the resin which is seen 
in the optical micrographs of the surfaces of all the specimens 
 The tensile strength and modulus retention of GMPC are better than 
unreinforced mixed PSW under thermo-oxidative ageing. The strength 
retention after 4000 hours of exposure of the G-0 specimen is 96%, while for 
G-10, G-20, G-30, G-30C and G-30U is 104%, 108%, 105%, 115% and 111%, 
respectively. Similarly, the modulus retention after 4000 hours of exposure of 
the G-0 specimen is 104%, while for G-10, G-20, G-30, G-30C and G-30U is 
110%, 106%, 116%, 120% and 118%, respectively 
 A shrinkage factor ( S ) was introduced into the modified ROM which shows 
good agreement between experimental and theoretical tensile strength after 
thermo-oxidative ageing. 
From these findings, it can be concluded that for mixed PSW and its composites, 
the thermo-oxidative ageing can result in loss of weight and reduction in strain at peak 
but the shrinkage of the specimens can result in the increment of the tensile strength 
and modulus. Moreover, it should be noted that the percentage of HALS added may 
not be optimal for mixed PSW and should be determined for better protection against 
UV radiation. Further to this, as discussed in Chapter 2, the long-term exposure of 
mixed plastic solid waste under hygrothermal conditions can degrade its behaviour 
which is studied in Chapter 7. 
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Chapter 7:  Behaviour of mixed PSW and its composites under 
hygrothermal ageing 
 
7.1  Introduction 
Chapter 6 discussed the behaviour of mixed PSW and its composites under thermo-
oxidative ageing through the simulation of long-term exposure under sunlight. In 
addition to this ageing, polymeric composites are susceptible to heat and moisture 
when used in changing environmental conditions. Several studies dealing with the 
hygrothermal ageing of single grade plastics and composites were reviewed in Section 
2.6.3. Chevali, Dean and Janowski (2010) reported that polyolefin show low water 
uptake as they have fewer hydrolysable bonds. Their study showed that neat PP and 
PP with 40 wt. % glass fibre absorbed only about a 0.06-0.09 % moisture when they 
were placed in boiling water for 24 hours. However, as discussed in Section 2.3, the 
incompatibility and the possible presence of some heterogeneous particles in mixed 
PSW makes polyolefin blends immiscible. Because of this immiscibility, the moisture 
absorption of recycled mixed PSW can be higher than its individual components when 
exposed to humid environment. 
The composite material tends to absorb moisture in humid environments which 
causes dilatational expansion and weakening of the fibre-matrix interface (Ray 2006). 
Therefore, the absorbed moisture can weaken the bonding of the glass fibre and mixed 
PSW which can reduce their strength and stiffness properties. Further to this, the 
research conducted by Petchwattana, Covavisaruch and Chanakul (2012) showed that 
the addition of 1 wt. % of maleic anhydride grafted polyethylene in the HDPE/rice hull 
composites can decrease the water absorption by approximately 33% when they were 
immersed in the water for 90 days. This is due to improved interfacial bonding 
resulting in less interfacial voids leading to less water absorption by the compatibilised 
composites. Thus in this chapter, the effect of hygrothermal ageing on the behaviour 
of recycled mixed plastic solid waste and its composites containing 10, 20 and 30 wt. 
% of glass fibre and 2.5 wt. % of PP-g-MA is studied to find its durability when used 
in offshore structures, submersibles and civil infrastructure in humid environments. 
To study the behaviour of the specimens under hygrothermal ageing, the three 
temperature settings was used; 23°C and 40°C represent the normal room temperature 
and summer condition respectively while an accelerated hygrothermal ageing 
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condition was achieved by increasing the immersion temperature to 80°C. The 
moisture absorption, swelling and the tensile behaviour of the hygrothermally aged 
specimens are reported. Then, the tensile strength of the GMPC specimens under 
hygrothermal ageing is predicted using modified rule of mixtures and compared with 
the experimental results. Finally, the long-term behaviour of mixed PSW and its 
composites after 50 years of service life is predicted using an Arrhenius model using 
experimental data of different temperatures. 
7.2  Experimental program 
7.2.1  Test specimens 
Mixed PSW and its composites containing 10-30 wt. % of glass fibre and 2.5 wt. % of 
PP-g-MA were used to study the effect of hygrothermal ageing. The details of the 
specimens are shown in Table 7.1.  
Table 7.1 Composition of test specimens 
Specimen name   G-0 G-10 G-20   G-30 G-0C G-30C 
GF (%) 0 10 20 30 0 30 
Mixed PSW (%) 100 90 80 70 97.5 67.5 
PP-g-MA (%) 0 0 0 0 2.5 2.5 
7.2.2  Hygrothermal ageing test 
 
Figure 7.1 Test set-up for hygrothermal ageing  
Water absorption studies were performed following the ASTM D570 (2010) standard. 
The specimens of each category were submerged in distilled water with the immersion 
temperature of 23, 40 and 80°C. To achieve the elevated and constant temperature of 
40 and 80°C, a heater and temperature controller was used as shown in Figure 7.1. 
After the specified duration, the specimens were removed from the water and surface 
dried using paper towel. Then the dimensions and weight were measured in high 
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precision and submerged in water again. The results of the water absorption test at 
40°C and 80°C at 70 days indicated that the specimens kept on absorbing the moisture 
with a moisture absorption of up to 3.70%. This level of moisture absorption will take 
significant time to be reached at 23°C, thus due to the time limitation of conducting 
this study, the moisture absorption test at room temperature was stopped after 140 
days. Still, these test duration provided sufficient data to predict the long-term 
behaviour of specimens at different hygrothermal conditions as presented in Section 
7.7.2. After the specified duration, the tensile tests of the hygrothermally aged 
specimens were conducted following ISO 527-1 (2012). The summary of test results 
under hygrothermal ageing is shown in Appendix E.1. 
7.3  Moisture absorption behaviour of mixed PSW and its composites 
7.3.1  Moisture absorption 
 
Figure 7.2 Moisture absorption behaviour at 23°C 
 
Figure 7.3 Moisture absorption behaviour at 40°C 
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Figure 7.4 Moisture absorption behaviour at 80°C 
The moisture absorption behaviour of the mixed PSW and its composites was 
determined by measuring weight gain during the immersion procedure. The mass of 
the specimens was measured using an electronic balance with ±0.01 mg precision prior 
to and at regular intervals. The water absorbed by weight was calculated 
experimentally using Eq. 7.1 (Ellyin & Rohrbacher 2000): 
Water absorbed (%) = 100
)(








 
dry
dry
m
mtm
   Eq. 7.1 
where m(t) is the current mass of the specimen and mdry is the initial (dry) mass. 
Figures 7.2, 7.3 and 7.4 show the moisture absorption behaviour of the specimens 
immersed in the temperature of 23°C, 40°C and 80°C, respectively. Generally, it can 
be seen that the mixed PSW absorbs the highest moisture at all temperatures compared 
to the specimens with glass fibre and PP-g-MA. Nevertheless, all the specimens 
showed some level of moisture penetration. The moisture penetration of the specimens 
is well explained by Espert, Vilaplana and Karlsson (2004). They reported that the 
main process consists of the diffusion of water molecules inside the micro-gaps 
between the polymer chains. The other common mechanisms are capillary transport 
into the gaps and flaws at the interfaces between fibres and polymer because of 
incomplete wettability and impregnation; and transport by micro-cracks in the matrix 
formed during the compounding process.  
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Figure 7.5 Surface degradation of mixed PSW and its composites under 
hygrothermal ageing 
 Figure 7.5 shows the surface degradation of mixed PSW and its composites 
under hygrothermal ageing which demonstrates that the G-0 specimens showed the 
highest amount of surface cracks in the matrix through which more moisture penetrates 
the matrix. This is one of the reasons why the G-0 specimens showed the highest 
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moisture absorption of 0.65, 0.90 and 4.08% at the immersion temperature of 23, 40 
and 80°C, respectively. This value is higher than the moisture absorbed by neat PP as 
studied by Chevali, Dean and Janowski (2010). This is due to the incompatibility of 
the mixed plastics which formed micro-cracks in the matrix during the injection 
moulding process. Hence, when the specimens are immersed in water, these micro-
cracks act as a passage for the water resulting in higher moisture absorption.  
With the addition of glass fibre, there is reduction in the number of surface cracks 
and moisture absorption. It was observed that the addition of 30 wt. % of glass fibre in 
the mixed PSW reduced the moisture absorption to 0.56, 0.74 and 3.24% at the 
immersion temperature of 23, 40 and 80°C, respectively.  Mohd Ishak et al. (2000a) 
has reported that the addition of glass fibre reduces the hygroscopic matrix thus 
reduces the moisture absorption. While this reason is valid, in addition to this, the glass 
fibre also binds the dissimilar resins hence less number of crack is seen in the surface 
of the submerged specimens (Figure 7.5). With the addition of 2.5 wt. % of PP-g-MA, 
there is not much difference in the moisture absorption behaviour between the G-0 and 
G-0C specimens at the immersion temperature of 23°C and 40°C whereas at the 
immersion temperature of 80°C, the moisture absorption of the G-0C specimens is less 
than the G-0 specimens. In the case of GMPC specimens, the addition of 2.5 wt. % of 
PP-g-MA in the G-30 specimens, the percentage of moisture absorption decreases in 
all the immersion temperatures. Comparing the G-30C specimens submerged in 23, 40 
and 80°C, the moisture absorption fell to 0.49, 0.65 and 2.6%, respectively. This is 
also seen in Figure 7.5 which shows fewer cracks with the addition of compatibiliser. 
Thus, the addition of compatibiliser enhances the interfacial bonding in the composite, 
due to improved compatibility between different polymers and glass fibre. This 
resulted in less interfacial voids which generally arose due to the poor adhesion 
between the glass fibre and mixed PSW leading to lower water absorption.  
7.3.2  Swelling behaviour 
Another consequence of the moisture absorption process is that the specimen 
undergoes swelling to accommodate the water (Browning 1978). The swelling 
behaviour of the specimens was determined by measuring the width and thickness of 
the specimens, before immersing them in the water bath and after the specified 
duration, using a digital Vernier caliber with ±0.01 mm precision. The swollen area 
was calculated experimentally using Eq. 7.2: 
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Swollen area (%) = 100




 
o
of
A
AA
   Eq. 7.2 
where Af is the final cross-sectional area after the immersion tests and Ao is the initial 
cross-sectional area before the immersion tests. The swelling experimental data is 
shown in Figure 7.6 which shows a behaviour similar to moisture absorption 
behaviour. Although it is hard to draw conclusions based on 23 and 40°C immersion 
temperatures, it is clear from the data with the immersion temperature at 80°C that the 
addition of glass fibre and compatibiliser reduces the swelling of the composite. With 
the addition of 30 wt. % of glass fibre, the swelling reduced from 3.7 % to 2.54 %. The 
swelling is further reduced from 2.54 % to 2.29 % with the addition of 2.5 wt. % of 
PP-g-MA. 
 
Figure 7.6 Swollen area under hygrothermal condition 
7.3.3  Kinetics of water absorption of GMPC 
As reported in Section 7.3.1, Mohd Ishak et al. (2000a) have suggested that the 
reduction in the moisture content of GMPC specimens than mixed PSW is due to the 
reduction of matrix content in GMPC specimens. Hence, using rule of mixtures 
equation from the amount of absorbed water for mixed PSW (Mm)r, knowing the 
weight fraction, wf, the moisture content for the composites (Mm)c can be deduced 
using Eq. 7.3 (Loos & Springer 1979). 
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  ][]1[ )(W)(M)W(M)(M ffmfrmcm      Eq. 7.3 
where (Mm)f is the moisture absorbed by the glass fibre. By assuming that the glass 
fibres do not absorb any moisture, (Mm)r and (Mm)c are related by Eq. 7.4 
  ]1[ )W(M)(M frmcm        Eq. 7.4 
Table 7.2 gives a comparison between experimental and theoretical values of 
the moisture absorption of the composites. In all cases, it can be seen that the moisture 
absorption of the composites is 5-19% higher than the theoretical values. This can be 
explained from the research conducted by Mohd Ishak et al. (2000b). Eq. 7.4 predicts 
the moisture penetration based on the diffusion mechanism in the mixed PSW. 
Although diffusion is the main mechanism, the contribution of two other mechanisms 
of moisture penetration, capillarity and transport by micro-cracks, cause the difference. 
This fact is validated by the micro-cracks (seen in the Figure 7.5) on the surface of the 
hygrothermally aged specimens. This is further evidence to support the contention that 
transport by micro-cracks is responsible for weight gains of the mixed PSW. If the 
water was diffused into the mixed PSW (matrix), then the moisture absorption values 
of GMPC obtained from the experimental data would have been in close 
approximation with the theoretical values. Thus, moisture can  cause swelling and 
micro-cracking of the polymer matrix (Huang & Sun 2007). Finally, based on Table 
7.2 and the surface degradation as observed in Figure 7.5, it can be concluded that 
with the addition of glass fibre and compatibiliser, the micro-cracks and capillarity are 
reduced which, in turn, reduces the moisture absorption. 
Table 7.2 Comparison between experimental and theoretical values of moisture 
absorption behaviour of mixed PSW composites 
 
23°C-Moisture 
(after 140 days) 
 40°C-Moisture 
(after 70 days) 
 80°C-Moisture 
(after 70 days) 
Experi- 
mental 
Theo- 
retical 
% 
diff 
 Experi- 
mental 
Theo- 
retical 
% 
diff 
 Experi- 
mental 
Theo- 
retical 
% 
diff 
G-10 0.68 0.583 14  0.869 0.811 7  4.036 3.669 9 
G-20 0.612 0.518 15  0.818 0.721 12  3.698 3.262 12 
G-30 0.558 0.454 19  0.741 0.631 15  3.237 2.854 12 
G-30C 0.486 0.463 5  0.648 0.598 8  2.676 2.413 10 
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7.4  Tensile properties of mixed PSW and GMPC under hygrothermal ageing 
7.4.1  Stress-strain diagram 
Figure 7.7 shows the tensile stress-strain diagram of the unaged and aged mixed PSW 
and GMPC specimens under hygrothermal conditions. As discussed in Section 7.3, 
due to the swelling, micro-cracks and capillary mechanism of the aged specimens, 
there is a reduction in tensile properties as seen in Figure 7.7. Figures 7.8, 7.9 and 
7.10 present the summary of the average values of tensile stress, tensile modulus and 
strain at peak of mixed PSW and GMPC under hygrothermal ageing, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Tensile stress-strain diagram of mixed PSW and GMPC under 
hygrothermal ageing 
In the case of specimens submerged in the room temperature, the specimens 
with no fibre showed a reduction in the tensile properties due to the swelling of the 
specimen which creates micro-cracks. In the case of G-0 specimens, the peak tensile 
stress reduced from 14.83 MPa to 13.85 MPa after 140 days of immersion at room 
temperature. In the case of the specimens with glass fibre, mostly the tensile properties 
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is improved. The addition of 10 and 20 wt. % of glass fibre increased the tensile 
strength from 17.79 MPa to 18.15 MPa and 22.23 MPa to 22.41 MPa, respectively. In 
case of the G-30 specimens, the tensile strength decreased from 25.74 MPa to 24.75 
MPa. The tensile modulus showed similar result as that of the peak tensile stress. This 
improvement in the mechanical properties can be explained by the results observed by 
Wood and Bradley (1997) who indicated that the moisture can improve the mechanical 
properties if the moisture effect on the changes in residual stress rather than the 
degradation of the fibre-matrix interface. This means that the moisture induces 
compressive stresses which lead to a relaxation of residual tensile stresses established 
during the injection moulding process of the specimens leading to an increase in 
strength prior to moisture induced resin. 
In the presence of moisture at the elevated temperatures of 40°C and 80°C, 
there is a clear reduction in tensile properties. In the case of G-0 specimens submerged 
in 40°C and 80°C, the tensile stress reduced to 13.92 MPa and 13.17 MPa and the 
tensile modulus reduced from 0.91 GPa (without moisture) to 0.8 GPa and 0.64 GPa, 
respectively. Similarly, in the case of G-30 specimens submerged in 40°C and 80°C, 
the tensile stress reduced to 24.1 MPa and 19 MPa and tensile modulus reduced from 
3.07 GPa (without moisture) to 2.92 GPa and 2.36 GPa, respectively.  This can be 
explained by the fact that the introduction of a moisture and temperature induced a 
stress gradient due to the swelling of the specimen (Browning 1978). The specimens’ 
resistance to the swelling leads to the development of stress gradient such that 
compressive stress will be greatest at the surface which will be balanced by tensile 
stresses in the core of the specimen. However, during the experimental test when the 
specimens were removed from the testing container to measure the weight, the rapid 
cooling to the room temperature results in a large tensile stress localised near the 
surface, balanced by a compressive stress through the centre of the specimens which 
creates a crack at the surface. This ultimately reduces the tensile properties of the 
specimens submerged above room temperature by forming micro-cracks on the 
surface and debonding the glass fibre and matrix resulting in the reduction of tensile 
properties. 
In all the specimens submerged at the room temperature, the formation of 
cracks at the surface due to swelling lead to a reduction of strain at peak (Figure 7.10). 
On the other hand, the rubber-like behaviour becomes pronounced when the specimens 
are submerged over a prolonged period at elevated temperatures due to the increased 
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mobility of polymer chains (Svetlik 2008). Therefore, the strain at peak of the G-0 
specimens increased from 12.7% (without moisture) to 13.19% and 17.75% when 
submerged at 40 and 80°C, respectively. However, it is noted that with the introduction 
of glass fibre, the strain at peak is slightly reduced. For instance, the G-30 specimens 
show a reduction in strain at peak from 2.39% (without moisture) to 2.20% (submerged 
at 80°C). The reason is due to the interfacial degradation of the glass fibre and mixed 
PSW becoming higher than the rubbery nature of the moisture absorbed matrix. 
 
Figure 7.8 Peak tensile stress of mixed PSW and GMPC under hygrothermal ageing 
 
Figure 7.9 Tensile modulus of mixed PSW and GMPC under hygrothermal ageing 
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Figure 7.10 Strain at peak stress of mixed PSW and GMPC under hygrothermal 
ageing 
7.4.2  SEM observation of fractured surface 
The glass fibre and mixed PSW interfaces for the G-30 specimens after immersion in 
water at room temperature, 40°C and 80°C were observed using scanning electron 
microscopy. To study the effect of moisture on GMPC specimens, the micrographs of 
the specimens before and after the hygrothermal ageing are presented in Figure 7.11. 
The SEM were observed near the outer surface which is exposed to direct contact with 
moisture as shown in the schematic representation in Figure 7.11(a). As discussed in 
Section 7.4.1, due to the swelling of the specimens, there is debonding of the glass 
fibre and matrix which is seen in the SEM observation. Furthermore, with the 
introduction of elevated temperatures, the degradation of the matrix is also visible. A 
number of microvoids becomes visible, the fracture surface becomes rougher, and 
greater fibre pull-out which means that the moisture and temperature can affect the 
interfacial adhesion of the glass fibre and matrix which ultimately affect the tensile 
properties. This is clearly seen for the G-30 specimens with moisture and 80°C 
exposure which validated in the decrease in tensile strength from 25.74 MPa to 19.07 
MPa. 
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(a) Schematic representation of SEM observation 
  
(b) Without moisture (c) 23°C-Moisture (After 140 days) 
  
(d) 40°C-Moisture (After 70 days) (e) 80°C-Moisture (After 70 days) 
Figure 7.11 SEM observation of G-30 specimens under hygrothermal ageing 
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7.5  Tensile properties of specimen with PP-g-MA under hygrothermal ageing 
7.5.1  Stress-strain diagram 
 
 
 
 
 
 
Figure 7.12 Tensile stress-strain diagram of specimens with 2.5 wt. % PP-g-MA 
under hygrothermal ageing 
Figure 7.12 shows the tensile stress-strain diagram of specimens with 2.5 wt. % PP-
g-MA under hygrothermal ageing. Figures 7.13, 7.14 and 7.15 show a comparison of 
the tensile stress, tensile modulus and strain at peak, respectively, of unaged and aged 
specimens with and without compatibiliser. As discussed in Section 7.4.1, the 
specimens submerged at room temperature can show slightly higher tensile stress and 
modulus. With the introduction of moisture at room temperature, the tensile stress of 
the G-0C specimens increased from 13.26 MPa to 14.49 MPa and tensile modulus 
increased from 0.84 GPa to 0.91 GPa. This result further validates the discussion in 
Section 7.4.1 that the introduction of moisture can relax residual stresses which can 
increase the mechanical properties. However, when the submersion temperature was 
increased to 40 and 80°C, the G-0C specimens started to show the reduction in tensile 
behaviour due to the higher swelling and formation of micro-cracks. It was observed 
that at the immersion temperature of 80°C, the tensile strength and modulus of G-0C 
specimen decreased to 13.31 MPa and 0.68 GPa, respectively.  
In case of GMPC, it is clear that the addition of compatibiliser resulted in a 
lower degradation in tensile properties. By comparing the G-30 and G-30C specimens, 
the G-30 specimens showed a 25% reduction in tensile strength after 70 days of 
moisture absorption in 80°C whereas the G-30C specimens showed only an 8% 
reduction in tensile strength. In case of the modulus of elasticity, the G-30 specimens 
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showed a 23% reduction whereas the G-30C specimens showed only a 14% reduction. 
This clearly validates that the addition of PP-g-MA improves the interfacial adhesion 
between the glass fibre and mixed PSW which reduces the moisture absorption and 
surface degradation which ultimately decreases the reduction in the tensile properties. 
As discussed in Section 7.4.1, due to swelling and surface degradation, both 
G-0C and G-30C specimens submerged at room temperature show reduction in strain 
at peak. However, due to the prolonged immersion at elevated temperatures, the 
polymer becomes rubbery in nature which resulted in an increase in strain at peak. For 
instance, the strain at peak increased from 11.80% (without moisture) to 15.87% after 
immersing the G-0C specimens for 70 days at 80°C. Another interesting fact is that, 
under hygrothermal ageing at 80°C, there is improvement in the strain at peak which 
increased to 3.33% from 2.53% (without moisture). This improvement is due to the 
rubbery nature of matrix and also due to better adhesion of glass fibre and mixed PSW 
which resulted lower interfacial degradation. 
 
 
Figure 7.13 Peak tensile stress of specimens with 2.5 wt. % PP-g-MA under 
hygrothermal ageing 
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Figure 7.14 Tensile modulus of specimens with 2.5 wt. % PP-g-MA under 
hygrothermal ageing 
 
Figure 7.15 Strain at peak stress with 2.5 wt. % PP-g-MA under hygrothermal ageing 
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7.5.2  SEM observation of fractured surface 
  
(a) Without moisture (b) 23°C-Moisture (After 140 days) 
  
(c) 40°C-Moisture (After 70 days) (d) 80°C-Moisture (After 70 days)  
Figure 7.16 SEM observation of G-30C specimens under hygrothermal ageing 
Figure 7.16 shows the SEM observation of the G-30C specimens under hygrothermal 
ageing. As can be seen from the micrographs, the specimens experiencing the 
introduction of moisture and heat show the formation of microvoids and the bonding 
of the glass fibre and matrix is reduced. However, comparing the SEM observation of 
the G-30 and G-30C specimens, it is clear to see that the interfacial degradation of the 
specimens with compatibiliser is much lower. This validates the results discussed in 
Section 7.5.1 that, due to the addition of 2.5 wt. % compatibiliser, the interfacial 
adhesion between glass fibre and matrix is improved and hence the moisture could not 
penetrate and create microcracks in the interface. This resulted in a decrease in 
moisture absorption and thus the specimens with compatibiliser showed higher tensile 
properties than the specimens without compatibiliser. 
7.6  Discussion 
The study of the behaviour of recycled mixed PSW and its composites under the 
hygrothermal condition shows that moisture can have a positive effect in the form of 
microvoid 
microvoid 
microvoid 
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relaxation of the residual stresses formed in the matrix during the production of the 
specimens which requires subsequent cooling after the injection moulding. Similarly, 
due to the moisture and heat, the matrix becomes rubbery in nature which increases 
the strain at peak stress. However, the moisture can have a negative impact on the 
mixed PSW and its composites like moisture absorption, swelling and surface 
degradation. The swelling can create a stress gradient which results in the formation 
of microcracks, microvoids and capillary pores and the degradation of the bond 
between glass fibre and matrix resulting in a decrease in tensile properties. Table 7.3 
shows the effect of the hygrothermal condition on mixed PSW and its composites. 
Table 7.3 Effect of hygrothermal condition on mixed PSW and its composites 
Positive Negative 
 Relaxation of residual stress 
 
 Moisture absorption and surface degradation 
 Swelling, microcracks, capillary pores 
 Debonding of glass fibre and matrix 
 
The moisture absorption behaviour of the GMPC specimens were compared with 
the natural fibre composites based on Espert, Vilaplana and Karlsson (2004). Their 
study found that the hydrophilic character of natural cellulosic fibres from wood led 
to a higher value of moisture. In this study, it was found that the addition of glass fibre 
reduces the moisture absorption due to the hydrophobic character of glass fibres. A 
comparison of moisture absorption tests in 4 days showed that the G-30 specimens 
absorbed 0.15 % moisture when the water temperature was 40°C which is much lower 
than that of natural cellulosic fibre composites which absorbed 6 % moisture in 4 days 
when the water temperature was 50°C. The addition of 2.5 wt. % of PP-g-MA can 
further reduce the moisture absorption by as much as 25% and retain both the tensile 
strength and modulus to 100% when submerged at room temperature. This shows the 
potential of using GMPC as a civil engineering material in humid environments. 
7.7  Theoretical prediction under hygrothermal ageing 
7.7.1  Tensile strength of GMPC 
Similar to previous chapters, the modified rule of mixture (ROM) of Chapter 4 (Eq. 
4.5) was used to predict the tensile strength of the GMPC specimens under 
hygrothermal ageing: 
mfffT vv ')1(21      Eq. 4.5 
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Figure 7.17 shows the comparison of predictive model and experimental 
results of G-10, G-20 and G-30 in terms of peak tensile stress under hygrothermal 
ageing at different water temperatures. The detailed calculation is shown in Appendix 
E.2. The results show that the modified ROM (Eq. 4.5) underestimates the 
experimental values when the immersion temperature is 23°C and 40°C, and 
overestimates the experimental values when the water immersion temperature is 80°C. 
This is because with hygrothermal ageing, there is a swelling and moisture is absorbed 
by the specimens which reduces the bonding between glass fibre and mixed PSW. Also 
with the addition of glass fibre, there is less cracking and swelling which improves the 
mechanical behaviour of the matrix (mixed PSW). Thus, a strength ratio factor ( SR ) 
was introduced in Eq. 4.5 to predict the behaviour under hygrothermal ageing, and is 
given by Eq. 7.5: 
mfmSRfffSRT vv ')1()()( 21    Eq. 7.5 
Where ( SR )f  and ( SR )m are respectively the strength ratio factors for the 
fibre and the matrix. Based on the experimental results, the strength ratio factor, SR , 
is determined by the empirical values as shown in Table 7.4. The factor ( SR )f  
depends upon the water immersion temperature which is always less than the value of 
1 and the factor ( SR )m depends upon the amount of glass fibre which is always higher 
than the value of 1. The result of the modified ROM considering strength ratio factor 
shows closer approximation of the experimental results (Figure 7.17). This validated 
that due to the swelling of the specimens, bond strength is decreased and due to the 
addition of glass fibre, the moisture absorption of the specimens is decreased which 
improves the mechanical properties of matrix. However, a longer hygrothermal 
exposure should be conducted to further verify the proposed prediction equation. 
Table 7.4 Summary of strength ratio factor 
Strength ratio factor for fibre 
( SR )f   
Condition ( SR )f   
23°C-Moisture (after 140 days) 0.95 
40°C-Moisture (after 70 days) 0.85 
80°C-Moisture (after 70 days) 0.70 
Strength ratio factor for matrix 
 ( SR )m 
Specimen ( SR )m 
G-10 1.05 
G-20 1.25 
G-30 1.3 
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Figure 7.17 Comparison of experimental and modified ROM peak stress under 
hygrothermal ageing 
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7.7.2  Prediction of long-term behaviour using an Arrhenius model 
In this section, the retention in tensile strength of the mixed PSW and its composites 
is predicted using an Arrhenius model based on the experimental results performed 
under hygrothermal ageing. The application of the Arrhenius model to predict the 
degradation of civil engineering structures has been presented by researchers such as 
Iskander and Hassan (2001) and Mak, Fam and MacDougall (2015). The Arrhenius 
model predicts the long-term behaviour of civil engineering materials under service 
conditions using long-term test data, and has been well described by Bank et al. (2003). 
The basic principle of the Arrhenius relationship is that a chemical process is 
accelerated by an exponential function of temperature. 
 Bank et al. (2003) outlined the procedure to determine long-term property 
retention of composites. The relationship between percentage retention of the tensile 
strength and time is linearised by taking the natural logarithm of the time. The natural 
logarithm of the time (in days) are plotted against the percentage retention which is 
shown in Figure 7.18. The equation of the straight lines in Figure 7.18 are tabulated 
in Table 7.5. Then, the equations in Table 7.5 are used to predict the percentage 
retention of the tensile strength for longer times at different temperatures. The 
percentage retention values are plotted against the inverse of temperature (1000/Ti (K)) 
which is shown in Figure 7.19 where Ti is the immersion temperature in Kelvin. The 
time steps are considered as 0.19 year (70 days), 0.38 year (140 days), 1 year, 10 year 
and 50 years. Regression analysis is performed for each time steps which yielded a set 
of linear relationship equations between the percentage tensile strength retention and 
inverse of temperature which is listed in Table 7.6. These equations are then used to 
predict the long-term behaviour of the specimens at different time steps for a particular 
temperature which is summarised in Table 7.7. 
The estimated tensile strength retentions for the G-0, G-10, G-20, G-30, G-0C 
and G-30C specimens after 50 years of service in wet environmental conditions are 
88%, 102%, 109%, 97%, 118% and 96%, respectively. As seen in Table 7.7, the 
majority of the reduction occurred within the initial years of service. For instance, 
when the G-0 specimens are immersed in room temperature, they retained 93% and 
88% of tensile strength after 1 year and 50 years, respectively. Furthermore, the 
estimation shows that the specimens retained 79-112% of tensile strength when the 
specimens are exposed to summer conditions (40°C) after 50 years of service time. 
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The estimated tensile strength retentions for the G-0, G-10, G-20, G-30, G-0C and G-
30C specimens are 84%, 88%, 92%, 79%, 112% and 90%, respectively.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.18 Arrhenius plot for decrease in percent retention of tensile strength under 
hygrothermal ageing 
  The highest reduction in the tensile strength is estimated when the mixed PSW 
are exposed to accelerated weathering condition (80°C) due to the degradation of the 
matrix (mixed PSW). However, even at this worst condition, the retained tensile 
strength is still almost 75% after 50 years of service time. In the case of the GMPC 
specimens, the retention of the tensile strength is lower than for the G-0 specimens due 
to the damage of the fibre-matrix interface. The G-30 specimens showed a percentage 
tensile retention of 42% after 50 years of service life. The reduction in tensile strength 
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was improved with the addition of 2.5 wt. % compatibiliser which is seen in the G-
30C specimens showing the tensile strength retention of 78% after 50 years of service 
time. This is a very good indication that recycled mixed plastic solid waste can retain 
most of its strength properties, which is an important consideration for use in 
construction applications. 
Table 7.5 Linear relationship between tensile strength and time under hygrothermal 
ageing 
Specimen Temp (°C) Linear relationship 
G-0 23 y(time) = -3.0791*ln(time) + 100 
40 y(time) = -3.3257*ln(time) + 100 
80 y(time) = -6.0666*ln(time) + 100 
G-10 23 y(time) = 0.9162*ln(time) + 100 
40 y(time) = -3.6538*ln(time) + 100 
80 y(time) = -9.3171*ln(time) + 100 
G-20 23 y(time) = 0.3773*ln(time) + 100 
40 y(time) = 0.8533*ln(time) + 100 
80 y(time) = -11.02*ln(time) + 100 
G-30 23 y(time) = -1.7921*ln(time) + 100 
 40 y(time) = -3.4532*ln(time) + 100 
 80 y(time) = -14.044*ln(time) + 100 
G-0C 23 y(time) = 4.3222*ln(time) + 100 
40 y(time) = 2.7385*ln(time) + 100 
80 y(time) = 0.2044*ln(time) + 100 
G-30C 23 y(time) = 0.5287*ln(time) + 100 
40 y(time) = -4.5301*ln(time) + 100 
80 y(time) = -4.3662*ln(time) + 100 
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Legends: 
 
 
  
  
  
Figure 7.19 Percentage retention of tensile strength vs. inverse of temperature 
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Table 7.6 Linear relationship between percentage retention of tensile strength and the 
inverse of temperature 
Specimen Time 
(years) 
Linear relationship R2 
G-0 0.19 y(Ti) = 10.645*(1000/Ti) + 58.954 0.9327 
0.38 y(Ti)  = 12.382*(1000/Ti) + 52.257 0.9327 
1 y(Ti)  = 14.783*(1000/Ti) + 42.999 0.9327 
10 y(Ti)  = 20.552*(1000/Ti) + 20.753 0.9327 
50 y(Ti)  = 24.584*(1000/Ti) + 5.2039 0.9327 
G-10 0.19 y(Ti)  = 33.808*(1000/Ti) - 13.416 0.9844 
0.38 y(Ti)  = 39.324*(1000/Ti) - 31.92 0.9844 
1 y(Ti)  = 46.95*(1000/Ti) - 57.501 0.9844 
10 y(Ti)  = 65.273*(1000/Ti) - 118.97 0.9844 
50 y(Ti)  = 78.08*(1000/Ti) - 161.93 0.9844 
G-20 0.19 y(Ti)  = 41.62*(1000/Ti) - 36.514 0.8677 
0.38 y(Ti)  = 48.41*(1000/Ti) - 58.787 0.8677 
1 y(Ti)  = 57.797*(1000/Ti) - 89.578 0.8677 
10 y(Ti)  = 80.354*(1000/Ti) - 163.57 0.8677 
50 y(Ti)  = 96.121*(1000/Ti) - 215.28 0.8677 
G-30 0.19 y(Ti)  = 43.192*(1000/Ti) - 47.288 0.9559 
0.38 y(Ti)  = 50.239*(1000/Ti) - 71.318 0.9559 
1 y(Ti)  = 59.981*(1000/Ti) - 104.54 0.9559 
10 y(Ti)  = 83.39*(1000/Ti) - 184.37 0.9559 
50 y(Ti)  = 99.753*(1000/Ti) - 240.16 0.9559 
G-0C 0.19 y(Ti)  = 13.786*(1000/Ti) + 61.244 0.9971 
0.38 y(Ti)  = 16.035*(1000/Ti) + 54.921 0.9971 
1 y(Ti)  = 19.145*(1000/Ti) + 46.179 0.9971 
10 y(Ti)  = 26.616*(1000/Ti) + 25.174 0.9971 
50 y(Ti)  = 31.839*(1000/Ti) + 10.492 0.9971 
G-30C 0.19 y(Ti)  = 14.125*(1000/Ti) + 50.568 0.5465 
0.38 y(Ti)  = 16.429*(1000/Ti) + 42.503 0.5465 
1 y(Ti)  = 19.615*(1000/Ti) + 31.353 0.5465 
10 y(Ti)  = 27.27*(1000/Ti) + 4.5623 0.5465 
50 y(Ti)  = 32.621*(1000/Ti) - 14.164 0.5465 
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Table 7.7 Result of long-term behaviour of mixed PSW and GMPC under 
hygrothermal ageing 
Specimen Time 
(years) 
Percentage tensile strength retention (%) 
23°C 40°C 80°C 
G-0 0.19 95 93 89 
0.38 94 92 87 
1 93 90 85 
10 90 86 79 
50 88 84 75 
G-10 0.19 101 95 82 
0.38 101 94 79 
1 101 92 76 
10 102 90 66 
50 102 88 59 
G-20 0.19 104 96 81 
0.38 105 96 78 
1 106 95 74 
10 108 93 64 
50 109 92 57 
G-30 0.19 99 91 75 
0.38 98 89 71 
1 98 87 65 
10 97 82 52 
50 97 79 42 
G-0C 0.19 108 105 100 
0.38 109 106 100 
1 111 107 100 
10 115 110 101 
50 118 112 101 
G-30C 0.19 98 96 91 
0.38 98 95 89 
1 98 94 87 
10 97 92 82 
50 96 90 78 
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7.8  Conclusions 
The effect of hygrothermal ageing on the moisture absorption and tensile behaviour of 
mixed PSW and its composites containing glass fibre and PP-g-MA were investigated. 
Based on the results of the study, the following conclusions can be drawn: 
 The mixed PSW and its composites exposed to hygrothermal ageing showed 
moisture absorption due to the diffusion of water molecules inside the 
microgaps between incompatible mixed plastics. The recycled mixed plastic 
solid waste absorbed 0.65% of moisture after 140 days immersed at room 
temperature. Similarly, after 70 days of immersion at 40°C and 80°C, a mixed 
PSW absorbed 0.90% and 4.08% of moisture, respectively 
 With the addition of glass fibre, the moisture absorption was reduced due to 
the reduction of matrix and the tendency of glass fibre to bind them. For 
instance, with the addition of 30 wt. % of glass fibre, the moisture absorption 
fell to 0.56%, 0.74% and 3.24% immersed at 23°C, 40°C and 80°C, 
respectively 
 The addition of 2.5 wt. % of PP-g-MA further reduced the moisture absorption 
and surface degradation of the GMPC specimens. The moisture absorption of 
the G-30C specimens reduced to 0.49, 0.65 and 2.68% at the immersion 
temperature of 23°C, 40°C and 80°C, respectively. The reason for the reduction 
in moisture absorption is due to the better bonding of glass fibre and matrix 
 The tensile strength and modulus retention of the specimens with fibre and 
chemical additives are better than the mixed PSW. After immersing the 
specimens in room temperature for 140 days, the strength and modulus 
retention of the mixed PSW is 93% and 97%, respectively. With the addition 
of 30 wt. % glass fibre and 2.5 wt. % PP-g-MA in the mixed PSW, both the 
strength and modulus retention increased to 100%  
 At 40°C and 80°C immersion temperatures, the tensile strength of the G-0 
specimens reduced from 14.83 MPa (without moisture) to 13.92 and 13.17 
MPa, respectively. The highest reduction was seen in the GMPC specimens 
whereas the G-30 specimens showed a reduction in tensile stress from 25.74 
(without moisture) to 24.10 and 19.07 MPa due to the formation of micro-
cracks and degradation of the bond between glass fibre and matrix 
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 A strength ratio factor ( SR ) for the glass fibre and mixed PSW was introduced 
to the modified ROM which shows good agreement between experimental and 
theoretical tensile strength after hygrothermal ageing 
 By applying Arrhenius model, it is estimated that the mixed PSW retained 88% 
of their tensile strength after 50 years of moisture exposure at room 
temperature. The tensile strength retention of the specimens with glass fibres 
and PP-g-MA is better than the G-0 specimens. Under accelerated 
hygrothermal ageing at 80°C, after 50 years of service life, the tensile strength 
retention of mixed PSW reduced to only 75%. In the case of the G-30 
specimens, the tensile strength retention is reduced to 42% which increased to 
78% with the addition of 2.5 wt. % of PP-g-MA. 
From these findings, it can be concluded that the recycled mixed PSW composites 
can retain most of their strength properties even after 50 years of service life. Also, it 
should be noted that the percentage of PP-g-MA added may not be optimal for mixed 
PSW and should be determined for better resistance against moisture. 
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Chapter 8:  Conclusions and Recommendations 
 
8.1  Summary 
This research aims to understand the behaviour of recycled plastic solid waste (PSW) 
containing a mixture of high density polyethylene (HDPE), low density polyethylene 
(LDPE) and polypropylene (PP). Recycling of this kind of PSW is important because 
it can help make the environment cleaner, conserve materials, save energy and most 
importantly reduce the PSW in the landfills. For the wider acceptance of this material 
in civil engineering and construction, five objectives were considered. In the first 
objective (Chapter 2), the issues associated with mixed plastic solid waste (PSW) and 
its composites for civil engineering applications were highlighted and the current 
research gaps were identified. The current research gaps could potentially be overcome 
by building a complete understanding of mixed PSW and GMPC under natural and 
simulated environment. 
As a second objective (Chapter 3), the consistency of the mechanical properties of 
mixed PSW in tensile, compression, flexure and shear loading, which are the common 
load case for civil engineering applications, were evaluated. In the third objective 
(Chapter 4), the effect of the addition of short glass fibres on the physical and 
mechanical properties were evaluated. Further to this, the effect of the addition of 
chemical additives, such as a compatibiliser and processing stabiliser, on the tensile 
properties of mixed PSW and GMPC specimens were studied in Chapter 5. 
For the widespread use of recycled mixed PSW, the behaviour of mixed PSW and 
its composites were evaluated when exposed to different environmental conditions; 
the fourth objective. The effect of elevated temperature on the tensile behaviour of 
mixed PSW and its composites were studied in Chapter 5. Similarly, the effect of 
thermo-oxidation and hygrothermal ageing on the physical and tensile behaviour of 
mixed PSW and its composites were studied in Chapters 6 and 7, respectively. Also, 
for the civil engineering applications, designers need to be able to predict the 
behaviour. Thus, as a fifth objective, different numerical and simplified models were 
proposed in each study. 
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8.2  Major conclusions from the study 
8.2.1  Behaviour of mixed PSW 
The mechanical behaviour of recycled mixed PSW using coupon and bigger size 
specimens were evaluated and the consistency of their behaviour under different 
loading conditions were identified. Based on the results of this investigation, the 
following conclusions are drawn: 
 The strength values of mixed PSW were found to be 14.8, 19.8, 20, 5.6 MPa in 
tension, compression, flexure and shear respectively, while the modulus of 
elasticity was 0.91, 1.03, 0.72 GPa in tension, compression and flexure 
respectively 
 The coefficient of variation of the measured mechanical properties of the coupon 
and bigger size specimens were within 10% indicating that consistent material 
properties can be obtained for mixed PSW with similar composition and 
produced using the same method. This gives the end users confidence in the 
consistent quality of mixed PSW 
 The properties of mixed PSW is comparable to that of virgin HDPE and LDPE 
plastics but has lower elongation at break compared to single grade plastics. In 
addition, the strength properties of the mixed PSW are comparable to low grade 
timber but stiffness is only about one-sixth that of low grade timber. 
8.2.2  Effect of glass fibres and chemical additives on the properties of mixed PSW 
Short glass fibres (10, 20 and 30 wt. %); chemical additives (2.5 wt. % of 
polypropylene-graft-maleic anhydride and 1 wt. % of Irgafos-168) were added to the 
mixed PSW during injection moulding and their properties were investigated. Due to 
the processing limitations, the maximum amount of glass fibre that can be added is 30 
wt. %. The conclusions related to this study are summarised as follows: 
 Due to the shear stresses exerted by the screw during the extrusion and injection 
moulding process, the glass fibres with the original length of 4000 µm broke 
down to 562.3 µm, 465.7 µm, 443.8 µm for the specimens containing 10, 20 and 
30 wt. % of glass fibre respectively, which is only a one-tenth of the original 
length. Also, due to the fountain flow effect during injection moulding, most of 
the glass fibres at the surface of the specimens are aligned towards the direction 
parallel to mould fill whereas the glass fibres in the core are randomly oriented 
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 The addition of 30 wt. % of glass fibre increased the tensile, compressive, 
flexural and shear strength of the GMPC specimens by 74%, 85%, 141% and 
41%, respectively and the tensile, compressive and flexural modulus increased 
by 238%, 141% and 357%, respectively. The best improvement is seen in the 
flexural properties due to the better orientation of glass fibre near the edges of 
the specimen while the lowest improvement was seen in the shear due to the lack 
of fibre orienting along the depth 
 The addition of 2.5 wt. % of polypropylene-graft-maleic anhydride onto mixed 
PSW with 30 wt. % of glass fibres increased the tensile strength and modulus by 
2.7% and 4%, respectively. Similarly, the addition of 1 wt. % of Irgafos-168 
(primarily used as processing stabiliser) increased the tensile strength and 
modulus by 5.48% and 5.63%, respectively. SEM observation showed that with 
the addition of these chemical additives, there is better bonding of the glass fibre 
to the mixed PSW 
 With the addition of glass fibre and chemical additives, the strength properties 
of the GMPC specimens is improved and is comparable to medium grade timber 
with the stiffness almost 50% of low grade timber (which is an improvement 
from previously 16.7% for specimens with no fibres). 
8.2.3  Behaviour of mixed PSW and its composites under different environmental 
conditions 
The behaviour of mixed PSW and its composites at elevated temperature ranging from 
room temperature to 100°C; 2000 and 4000 hours of accelerated thermo-oxidative 
ageing, and hygrothermal ageing by submerging the specimen in water at room 
temperature for 140 days and 40°C and 80°C temperature for 70 days were 
investigated. The conclusions related to this analysis are summarised as follows: 
 Mixed PSW retained 73% and 64% in tensile strength and modulus, 
respectively, when the test temperature was increased from 23°C to 40°C, 
respectively. With the introduction of 30 wt. % of glass fibre, the property 
retention of tensile strength and modulus is higher at around 78% and 87%, 
respectively. The SEM graphs showed that for the specimen tested at 60°C and 
higher, the matrix melt is deposited in the glass fibre indicating the weakening 
of the bond strength at elevated temperatures 
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 The mixed PSW and its composites exposed to thermo-oxidative ageing showed 
loss of weight and surface degradation. After 4000 hours of exposure, the mixed 
PSW lost 1.4% of its weight, whereas the specimens containing 30 wt. % of glass 
fibre showed the lowest weight loss at 0.7% which is due to the tendency of glass 
fibre to bind with the mixed PSW. The addition of 1 wt. % of Univul further 
reduced the weight loss to 0.6% due to the tendency of Univul to destroy free 
radical species which could lead to polymer degradation. However, the addition 
of 2.5 wt. % of PP-g-MA increased the weight loss of the specimen containing 
30% glass fibre to 1.2% due to the presence of photo-responsive groups in PP-
g-MA that can catalyse the photo-oxidation 
 Under thermo-oxidative ageing, the tensile strength and modulus retention of the 
specimens with fibre and chemical additives are better than the mixed PSW due 
to the shrinkage of the specimens. After 4000 hours of exposure, the strength 
and modulus retention of the mixed PSW is 96% and 103%, respectively. The 
best enhancement of the strength and modulus retention is seen for the specimen 
containing 30% glass fibre and 2.5% PP-g-MA which is 116% and 121% 
respectively 
 The mixed PSW and its composites exposed to hygrothermal ageing absorbed 
moisture due to the diffusion of water molecules inside the microvoids between 
incompatible mixed plastics. The formation of microvoids is clearly visible in 
the SEM graphs. With the addition of 30 wt. % glass fibre and 2.5 wt. % of PP-
g-MA in the mixed PSW, the moisture absorption reduced up to 25% due to the 
binding of the matrix by glass fibre and better bonding of the fibre-matrix 
interface by PP-g-MA 
 Under hygrothermal ageing, the tensile strength and modulus retention of the 
specimens with fibre and chemical additives are better than the mixed PSW. 
After immersing the specimens in normal room temperature for 140 days, the 
strength and modulus retention of the mixed PSW is 93% and 97%, respectively. 
With the addition of 30% glass fibre and 2.5% PP-g-MA in the mixed PSW, both 
the strength and modulus retention increased to 100%. 
8.2.4  Prediction of behaviour of mixed PSW and its composites  
The short term and long term mechanical behaviour of mixed PSW and its composites 
were predicted using a theoretical model which is summarised as below: 
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 The flexural behaviour including the nonlinear load-deflection behaviour of a 
bigger size beam created from mixed PSW was reliably predicted using the 
simplified fibre model analysis and finite element modelling by considering the 
constitutive material properties determined from the coupon tests 
 The fibre orientation and fibre length factors were incorporated in the existing 
rule of mixture (ROM) to reliably predict the strength and stiffness of the GMPC 
in tension and compression. Similarly, the fibre orientation distribution factor 
was considered in the simplified fibre model analysis to predict the flexural 
properties. Fibre shear strength factor was introduced to account for the 
contribution of the short glass fibres to the shear strength of GMPC 
 A temperature reduction factor (
T ) was introduced into the modified ROM to 
predict the tensile behaviour of the GMPC specimens under the elevated 
temperature to account for the loss of bond strength above 60°C. Similarly, a 
shrinkage factor ( S ) should be accounted for the prediction of the tensile 
strength under thermo-oxidative ageing due to the improvement of the bond 
strength as a result of the specimen shrinkage. A strength ratio factor ( SR ) for 
the glass fibre and mixed PSW was introduced to predict the tensile strength 
under hygrothermal ageing to account for the loss of bond strength 
 The Arrhenius model was used to predict the long-term tensile strength of the 
recycled mixed PSW and its composites under hygrothermal conditions. The 
predictive model shows that the mixed PSW can retain 88% of its tensile strength 
even after 50 years of immersion in water at normal room temperature. The 
strength retention is further improved to 96% by the addition of 30% glass fibre 
and 2.5% PP-g-MA, which is an important consideration when used in 
construction applications. 
8.3  Recommendations for future research 
To ensure the widespread use of mixed PSW and its composites in civil engineering 
and construction applications, the followings aspects should be further studied:  
 The bigger size specimens made from the mixed PSW showed slightly lower 
mechanical strength than that of the coupon specimens. Hence, future research 
shall focus on the effect of size of the specimens on the mechanical properties of 
the mixed PSW. The understanding of the size effect is important to establish 
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design values for full-scale mixed PSW composites determined from testing of 
relatively small specimens 
 The addition of 30 wt. % of glass fibre significantly improved the mechanical 
properties of mixed PSW. However, the stiffness of these composites were still 
half that of softwood timber. Hence, future research should focus on the method 
on improving the fibre length and fibre orientation during the injection moulding 
process to further improve the mechanical properties 
 Although the addition of chemical additives improved the mechanical properties, 
a complete study of different percentages of chemical additives should be 
performed to identify the optimum content which can produce the highest 
mechanical properties 
 With the introduction of elevated temperature, there was a reduction in the 
tensile properties of the mixed PSW and its composites. Thus, the use of thermal 
stabiliser and/or thermal coating to prevent the decrement of mechanical 
properties at elevated temperatures should be investigated. 
 The tensile properties of thermo-oxidised GMPC specimens for 4000 hours were 
not greatly affected. If duration of study is not an issue, the prolonged accelerated 
weathering of the GMPC specimens with possible tensile evaluation at specified 
intervals would be beneficial in determining the maximum duration of UV 
exposure before any mechanical deterioration is observed 
 During the hygrothermal testing of mixed PSW and its composites, the 
specimens did not reach the equilibrium moisture content at room temperature 
in 140 days or at elevated temperature of 40 and 80°C in 70 days. Thus, future 
research should perform the hygrothermal test for a longer duration to identify 
the equilibrium moisture content and its effect on mechanical behaviour 
 The design guidance and specifications for using the mixed PSW and its 
composites as an alternative construction material to timber should be 
developed. 
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Appendix A: Experimental results of mixed PSW specimens 
 
The results of the coupon and bigger size tests of recycled mixed PSW specimens 
discussed in Chapter 3 are presented here. The equations used in determining the 
density, peak stress and elastic modulus are discussed. The results of fibre model 
analysis (FMA) and finite element model (FEM) are also presented. 
A.1   Coupon specimens 
A.1.1   Tensile test 
The summary of results of the coupon specimens tested under tensile loading is shown 
in Table A.1. In the table, Eqs. A.1 and A.2 were used to calculate the peak stress and 
elastic modulus, respectively: 
Peak stress = Peak load / (width x thickness)   Eq. A.1 
Modulus = 500 (σ1 – σ2)      Eq. A.2 
where σ1 and σ2 are the stresses measured at the strain values of 0.0005 and 0.0025, 
respectively. 
 Table A.1 Summary of tensile tests of coupon specimens 
Specimen 
no. 
Width 
(mm) 
Thickness 
(mm) 
Peak 
load (N) 
Peak stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak (%) 
T-1 9.85 3.50 466 13.51 907 12.42 
T-2 9.83 3.50 522 15.16 990 11.92 
T-3 9.83 3.50 525 15.25 888 13.32 
T-4 9.83 3.50 520 15.12 954 12.62 
T-5 9.82 3.50 519 15.10 792 13.28 
Average 9.83 3.50 510.4 14.83 906.2 12.71 
SD 0.01 0.00 24.926 0.74 75.3 0.59 
A.1.2   Compressive test 
The summary of results of the coupon specimens tested under compressive loading is 
shown in Table A.2. In the table, Eqs. A.1 and A.2 were used to calculate the peak 
stress and elastic modulus, respectively. 
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Table A.2 Summary of compressive tests of coupon specimens 
Specimen 
no. 
Width 
(mm) 
Thickness 
(mm) 
Peak 
load (N) 
Peak stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak (%) 
C-1 9.82 3.49 691.51 20.18 1021.41 8.57 
C-2 9.82 3.48 669.55 19.59 989.41 9.48 
C-3 9.81 3.49 690.60 20.17 1020.55 10.96 
C-4 9.82 3.49 654.98 19.11 1091.34 9.48 
C-5 9.81 3.48 678.68 19.88 1023.53 8.75 
Average 9.82 3.49 677.06 19.79 1029.25 9.45 
SD 0.01 0.01 15.32 0.45 37.46 0.94 
A.1.3   Flexural test 
The summary of results of the coupon specimens tested under three point bending with 
the span length (ls) of 56 mm is shown in Table A.3. In the table, Eqs. A.3 and A.2 
were used to calculate the peak stress and elastic modulus, respectively: 
Peak stress = (3Pls) / (2bd
2)     Eq. A.3 
Table A.3 Summary of flexural tests of coupon specimens 
Specimen 
no. 
Width 
‘b’ 
(mm) 
Depth 
‘d’ 
(mm) 
Peak 
load 
‘P’(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
F-1 9.82 3.50 29 19.91 741 7.01 
F-2 9.82 3.50 29 20.34 771 6.91 
F-3 9.84 3.51 28 19.41 724 6.39 
F-4 9.83 3.50 29 20.04 642 6.61 
F-5 9.83 3.50 29 20.22 730 7.01 
Average 9.82 3.50 29 19.98 722 6.79 
SD 0.01 0.00 0 0.36 48 0.28 
A.1.4   Shear test 
The summary of results of the coupon specimens tested under shear loading is shown 
in Table A.4 where Eq. A.4 was used to calculate the peak stress: 
Peak stress = Peak load / (2 x width x thickness)   Eq. A.4 
Table A.4 Summary of shear tests of coupon specimens 
Specimen 
no. 
Width 
(mm) 
Depth 
(mm) 
Peak load 
(N) 
Peak stress 
(MPa) 
S-1 7.00 12.60 1033.6 5.86 
S-2 6.99 12.59 1082.5 6.15 
S-3 6.99 12.60 921.385 5.23 
S-4 6.99 12.61 950.168 5.39 
S-5 6.99 12.61 948.101 5.38 
Average 6.99 12.60 987.151 5.60 
SD 0.00 0.01 67.946 0.39 
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A.2   Bigger size specimens 
A.2.1   Compressive test 
The summary of results of the bigger size specimens tested under compressive loading 
is shown in Table A.5 where Eq. A.1 and A.2 were used to calculate the peak stress 
and elastic modulus, respectively. 
Table A.5 Summary of compressive tests of bigger size specimens 
Specimen 
no. 
Width 
(mm) 
Thickness 
(mm) 
Strain at 
peak (%) 
Peak 
load (N) 
Peak stress 
(MPa) 
Modulus 
(MPa) 
C-1 54.70 54.70 32.41 96033 32.10 633.25 
C-2 55.05 55.05 27.78 91833 30.30 617.79 
C-3 54.75 54.75 27.55 87095 29.06 625.22 
C-4 54.75 54.75 29.22 80525 26.86 522.77 
Average 54.81 54.76 29.24 88871 29.58 599.75 
SD 0.16 0.16 2.23 6655 2.2 51.71 
A.2.2   Flexural test 
The summary of results of the bigger size specimens tested under four point bending 
with the span length (ls) of 900 mm is shown in Table A.6 where Eq. A.5 and A.6 
were used to calculate the peak stress and elastic modulus, respectively: 
Flexural stress = (Pls) / (bd
2)     Eq. A.5 
Eq. A.6 
 
where slope is taken from the initial linear region of load-deflection curve. 
Table A.6 Summary of flexural tests of bigger size specimens 
Specimen 
no. 
Width 
‘b’ 
(mm) 
Depth 
‘d’ 
(mm) 
Failure 
load  
‘P’ (N) 
Flexural 
stress (MPa) 
Slope 
(kN/mm) 
Modulus 
(MPa) 
F-1 54.78 54.78 3161 17.31 0.0658 1134 
F-2 54.59 54.59 3110 17.21 0.0633 1107 
F-3 54.57 54.57 2956 16.37 0.0624 1092 
F-4 54.83 54.83 2668 14.57 0.0641 1101 
F-5 54.8 54.8 3272 17.89 0.0657 1131 
Average 54.71 54.71 3033.4 16.67 - 1113 
SD 0.12 0.12 233.77 1.29 - 19 
slope
db
l
Modulus s 


3
3
108
23
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A.2.3   Shear test 
The summary of results of the coupon specimens tested under shear loading is shown 
in Table A.7 where Eq. A.4 was used to calculate the peak stress. 
Table A.7 Summary of shear tests of bigger size specimens 
Specimen 
no. 
Width  
(mm) 
Thickness 
(mm) 
Peak load 
(N) 
Peak stress 
(MPa) 
S-1 54.45 54.45 28573 4.82 
S-2 54.48 54.48 28927 4.87 
S-3 54.69 54.69 27611 4.62 
S-4 54.45 54.45 24728 4.17 
S-5 54.68 54.68 26434 4.42 
Average 54.55 54.55 27254 4.58 
SD 0.12 0.12 1711 0.29 
A.3   Density 
The density calculation of the coupon and bigger size specimens is shown in Tables 
A.8 and A.9, respectively. Eq. A.7 was used to calculate the volume of the coupon 
specimens where P1 and P2 are the constants observed from multipycnometer: 






 14522.883968.149
2
1
P
P
Volume    Eq. A.7 
Table A.8 Density calculation of coupon specimens 
Specimen no. Mass  
(gm) 
P1 P2 Volume 
(cm3) 
Density 
(gm/cc) 
1 4.7792 16.953 6.460 5.724 0.835 
2 4.7743 16.951 6.455 5.571 0.857 
3 4.7763 16.951 6.454 5.535 0.863 
4 4.7676 17.183 6.544 5.594 0.852 
5 4.7828 16.949 6.451 5.455 0.877 
Average - - - - 0.857 
SD - - - - 0.014 
Table A.9 Density calculation of bigger size specimens 
Specimen 
no. 
Mass  
(gm) 
Width 
(mm) 
Height 
(mm) 
Volume 
(cm3) 
Density 
(gm/cc) 
1 287.2 54.70 100.17 299.718 0.958 
2 284.2 55.05 100.75 305.323 0.931 
3 282 54.75 101.14 303.173 0.930 
4 277.6 54.75 100.39 300.925 0.922 
5 284.2 54.55 102.79 305.872 0.929 
Average - - - - 0.934 
SD - - - - 0.014 
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A.4   Calculation of fibre model analysis (FMA) 
To perform fibre model analysis, the plastic beam is divided into 100 sections and the 
sectional force is calculated for each section. The stress at each layer corresponding to 
a given strain was projected using the stress-strain behaviour of the coupon specimen 
in tension and compression. The force equilibrium requirements and bending moment 
capacity of the beam can be written as Eqs. A.8 and A.9, respectively: 
 


100
1
)(
100
1
)(
i
iits
i
iics AfAfF     Eq. A.8



100
1
)(
100
1
)(
i
iiits
i
iiicsn yAfyAfM     Eq. A.9  
s
n
l
M
P
6*
  Eq. A.10 
where fs(c)i, fs(t)i are the sectional stresses for each section in compression and tension, 
respectively, while Ai is the sectional areas of each section, Mn is the bending moment 
capacity of the section and ls (900 mm) is the span length of the beam. The depth of 
the neutral axis is calculated by iterating Eq. A.8 such that the summation of 
compressive and tensile forces is equal to zero. Taking the moments about the level of 
the neutral axis, Eq. A.9 is used to calculate the bending moment capacity of the 
section by multiplying the sectional force by the lever arm, yi. The load, P, is calculated 
using Eq. A.10. To predict the load-deflection behaviour of the beam, the flexural 
stiffness, EI is calculated using Eq. A.11. For a simply supported beam, the mid-span 
deflection, Δ under 4-point bending is given by Eq. A.12. 















100
1
2
3
12i
iii
i EyBt
Bt
EI    Eq. A.11  


EI
PL
1296
23 3
       Eq. A.12 
where B is the width; ti is the thickness of each section; Ei is the secant modulus of 
elasticity of each section calculated from the stress-strain curve. The summary of 
results of fibre model analysis (FMA) is shown in Table A.10. 
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Table A.10 Results of FMA 
Tensile 
strain 
 (%) 
Neutral axis 
depth from 
bottom (mm) 
Mn 
(Nm) 
P 
(kN) 
EI  
(Nm2) 
 
  
(mm) 
0.09 26.125 25.95 0.17 756.8 2.96 
0.45 26.125 129.73 0.86 756.8 14.78 
0.68 26.219 187.26 1.25 726.0 22.25 
0.73 26.248 197.52 1.32 717.3 23.75 
0.83 26.447 216.58 1.44 694.5 26.90 
0.94 26.595 235.49 1.57 676.1 30.04 
1.04 26.700 253.95 1.69 660.4 33.17 
1.14 26.798 269.38 1.80 640.1 36.30 
1.45 27.017 312.40 2.08 589.5 45.71 
1.97 27.302 367.82 2.45 515.5 61.54 
3.06 27.751 447.82 2.99 412.0 93.74 
3.61 27.926 480.01 3.20 376.3 110.01 
3.93 27.977 497.07 3.31 358.3 119.64 
4.00 28.000 500.21 3.33 354.9 121.57 
A.5   Finite element analysis (FEA) 
 
 Figure A.1 Quarter model of recycled mixed plastic beam 
During flexural tests the beam rested on two steel cylindrical supports of the testing 
machine which allowed translation in both X and Z direction. However, as shown in 
Figure A.1, the supports in the FE model were idealised as one hinge and one roller 
support for the purpose of stability. Furthermore, to save the computation time, only 
quarter of the beam was modelled. In the FE model, nonlinear static analysis was 
Load 
Roller 
Support 
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conducted considering the behaviour of the material using coupon specimens from the 
stress-strain behaviour as shown in Figure A.2.  In addition, the applied load in the 
experiment was distributed equally into the nodes and the load was increased as shown 
in Figure A.3. For every load increment, the deflection and the maximum strain were 
recorded and shown in Table A.11. 
 
Figure A.2 Stress-strain curve input in Strand7 based on coupon test 
 
Figure A.3 Load increment in Strand7 
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Table A.11 Results of FEA 
S.No P 
(kN) 
  
(mm) 
Tensile 
strain (%) 
1 0.1 1.72 0.052 
2 0.2 3.45 0.104 
3 0.3 5.17 0.156 
4 0.4 6.89 0.209 
5 0.5 8.62 0.261 
6 0.6 10.34 0.313 
7 0.7 12.07 0.365 
8 0.8 13.79 0.417 
9 0.9 15.51 0.469 
10 1.0 17.28 0.523 
11 1.1 19.14 0.583 
12 1.2 21.13 0.648 
13 1.3 23.25 0.718 
14 1.4 25.47 0.793 
15 1.5 27.79 0.872 
16 1.6 30.19 0.954 
17 1.7 32.68 1.039 
18 1.8 35.32 1.130 
19 1.9 38.09 1.225 
20 2.0 41.01 1.327 
21 2.1 44.14 1.438 
22 2.2 47.48 1.558 
23 2.3 51.04 1.687 
24 2.4 54.87 1.825 
25 2.5 58.95 1.974 
26 2.6 63.26 2.134 
27 2.7 67.85 2.302 
28 2.8 72.70 2.483 
29 2.9 77.88 2.677 
30 3.0 83.40 2.885 
31 3.1 89.24 3.106 
32 3.2 95.43 3.343 
33 3.3 101.98 3.597 
34 3.4 108.92 3.867 
35 3.5 116.28 4.152 
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Appendix B: Experimental results of GMPC specimens 
 
The summary of the results of the coupon tests of GMPC specimens discussed in 
Chapter 4 are presented here. 
B.1   Density 
The volume of the GMPC specimens is calculated using Eq. A.1. The density 
calculation is shown in Table B.1. The conversion of glass fibre weight fraction (wf) 
to glass fibre volume fraction (vf) and the theoretical density is shown in Table B.2. 
The theoretical density of the GMPC specimens is calculated using rule of mixture, 
Eq. B.1:  
Theoretical density = vf  x ρf +(1- vf) x ρm   Eq. B.1 
Table B.1 Density calculation of GMPC specimens 
Specimen 
name 
Specimen 
no. 
Mass  
(gm) 
P1 P2 Volume 
(cm3) 
Density 
(gm/cc) 
G-10 1 4.9645 16.946 6.450 5.460 0.909 
2 4.9666 16.944 6.449 5.451 0.911 
3 4.9710 17.021 6.478 5.440 0.914 
4 4.9633 16.948 6.452 5.504 0.902 
5 4.9910 17.027 6.478 5.358 0.931 
Average - - - - 0.913 
SD - - - - 0.010 
G-20 1 5.4055 16.955 6.453 5.444 0.993 
2 5.4175 16.950 6.453 5.513 0.983 
3 5.4143 16.949 6.452 5.491 0.986 
4 5.4234 16.958 6.458 5.583 0.971 
5 5.4228 16.958 6.458 5.583 0.971 
Average - - - - 0.981 
SD - - - - 0.008 
G-30 1 5.8394 16.947 6.450 5.446 1.072 
2 5.8819 16.942 6.450 5.515 1.067 
3 5.8753 16.950 6.453 5.513 1.066 
4 5.8684 16.951 6.453 5.499 1.067 
5 5.8773 16.957 6.457 5.561 1.057 
Average - - - - 1.066 
SD - - - - 0.005 
Table B.2 Theoretical density calculation of GMPC specimens 
Specimen 
name 
wf ρf 
(gm/cc) 
ρm 
(gm/cc) 
vf Theoretical density 
(gm/cc) 
G-10 0.1 2.5 0.857 0.037 0.917 
G-20 0.2 2.5 0.857 0.079 0.986 
G-30 0.3 2.5 0.857 0.128 1.067 
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B.2   Fibre burn-out test 
The results of the fibre burn-out test are shown in Table B.3. Due to the presence of 
ash of the mixed PSW after the fibre burn-out test, the percentage of residue of ash is 
deducted to calculate the fibre content. 
Table B.3 Summary of fibre burn-out tests 
B.3   Fibre length 
The fibre length observed under optical microscope is divided into the bin limit of 10 
µm. The sample frequency and summary of the result of fibre length calculation is 
shown in Tables B.4 and B.5, respectively. 
Table B.4 Calculation of sample frequency 
Bin limit 
(µm) 
Length 
‘l’ (µm) 
Frequency (n) 
G-10 G-20 G-30 
70-80 75 1 0 0 
130-140 135 1 0 0 
150-160 155 0 1 0 
220-230 225 1 3 0 
230-240 235 1 1 0 
240-250 245 0 2 3 
250-260 255 0 0 0 
260-270 265 0 2 0 
270-280 275 2 1 4 
280-290 285 0 0 1 
290-300 295 1 5 2 
300-310 305 4 2 4 
310-320 315 1 3 3 
320-330 325 2 2 1 
330-340 335 2 6 5 
340-350 345 4 4 3 
Speci
men 
name 
Sect
ion 
Weight 
before 
burning 
Weight 
after 
burning 
Total 
residue 
(%) 
1-wf 
% 
(1-wf) x total 
residue of  
G-0 (%) 
wf  
(%) 
G-0 - 0.174 0.0106  6.1 1 - - 
G-10 S1 0.745 0.107 14.4 0.9 0.9*6.1=5.48 14.4-5.48= 8.9 
S2 0.442 0.064 14.5 0.9 0.9*6.1=5.48 14.5-5.48=9.0 
S3 0.430 0.062 14.4 0.9 0.9*6.1=5.48 14.4-5.48=8.9 
G-20 S1 0.825 0.192 23.3 0.8 0.8*6.1=4.87 23.3-4.87= 18.5 
S2 0.476 0.113 23.6 0.8 0.8*6.1=4.87 23.6-4.87=18.8 
S3 0.808 0.191 23.6 0.8 0.8*6.1=4.87 23.6-4.87=18.8 
G-30 S1 0.864 0.282 32.7 0.7 0.7*6.1=4.26 32.7-4.26 = 28.4 
S2 0.467 0.152 32.6 0.7 0.7*6.1=4.26 32.6-4.26=28.3 
S3 0.728 0.235 32.3 0.7 0.7*6.1=4.26 32.3-4.26=28.1 
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350-360 355 4 1 3 
360-370 365 2 1 3 
370-380 375 2 2 5 
380-390 385 1 3 4 
390-400 395 6 3 8 
400-410 405 6 4 5 
410-420 415 2 2 5 
420-430 425 3 4 4 
430-440 435 3 1 2 
440-450 445 3 4 4 
450-460 455 2 1 4 
460-470 465 1 3 1 
470-480 475 3 5 1 
480-490 485 1 2 3 
490-500 495 3 2 6 
500-510 505 3 2 0 
510-520 515 1 6 2 
520-530 525 2 2 1 
530-540 535 1 2 2 
540-550 545 2 4 3 
550-560 555 1 0 3 
560-570 565 0 2 1 
570-580 575 0 3 1 
580-590 585 0 2 0 
590-600 595 1 0 0 
600-610 605 1 0 1 
610-620 615 2 0 0 
620-630 625 2 1 0 
630-640 635 2 1 0 
640-650 645 2 0 1 
650-660 655 0 1 0 
660-670 665 0 1 0 
670-680 675 2 0 0 
680-690 685 1 0 1 
690-700 695 0 0 0 
700-710 705 1 0 1 
710-720 715 1 1 0 
720-730 725 2 0 0 
730-740 735 0 0 0 
740-750 745 1 0 0 
750-760 755 2 1 0 
760-770 765 2 0 0 
770-780 775 2 0 0 
780-790 785 0 0 1 
790-800 795 1 1 0 
830-840 835 1 0 0 
870-880 875 1 0 0 
960-970 965 2 0 0 
1050-1060 1055 1 0 0 
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Table B.5 Summary of fibre length calculation 
Specimen 
name 
 2ilni
(µm)2 
 iiln  
(µm) 
lw  
(µm) 
G-10 28440150 50580 562.3 
G-20 20055100 43060 465.7 
G-30 18981550 42770 443.8 
B.4   Mechanical test on GMPC specimens 
The summary of tensile, compression, flexural and shear tests on the GMPC specimens 
is shown in Tables B.6 to B.9, respectively. 
Table B.6 Tensile tests on GMPC specimens 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain 
at peak 
(%) 
G-10 1 9.78    3.48    621    18.24    1526    3.98    
2 9.79    3.48    597    17.53    1613    3.14    
3 9.75    3.48    610    17.97    1519    3.89    
4 9.76    3.48    596    17.56    1446    3.98    
5 9.77    3.49    603    17.67    1466    3.79    
Average 9.77 3.48 605 17.80 1514 3.76 
SD 0.02 0.00 10 0.3 65 0.36 
G-20 1 9.78    3.49    772    22.61    2354    3.19    
2 9.79    3.49    766    22.41    2396    3.12    
3 9.77    3.49    747    21.93    2269    3.23    
4 9.81    3.49    758    22.13    2289    3.02    
5 9.79    3.49    755    22.07    2266    2.77    
Average 9.79 3.49 760 22.23 2315 3.07 
SD 0.02 0.00 10 0.28 57 0.18 
G-30 1 3.49    9.79    886    25.92    3134    2.21    
2 3.50    9.80    882    25.71    2980    2.56    
3 3.50    9.77    935    27.37    3160    2.85    
4 3.50    9.77    864    25.28    3136    2.22    
5 3.50    9.77    836    24.44    2931    2.12    
Average 3.50 9.78 881 25.74 3068 2.39 
SD 0.00 0.02 36 1.07 105 0.30 
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Table B.7 Compressive tests on GMPC specimens 
Table B.8 Flexural tests on GMPC specimens 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
G-10 1 9.80    3.50    50    34.74    1580    6.11    
2 9.75    3.49    49    34.39    1530    5.53    
3 9.75    3.49    48    34.00    1620    5.50    
4 9.76    3.50    49    34.28    1549    6.40    
5 9.80    3.49    47    32.90    1420    5.70    
Average 9.77 3.49 48 34.06 1540 5.85 
SD 0.03 0.01 1 0.70 75 0.39 
G-20 1 9.77    3.50    66    46.28    2660    4.72    
2 9.79    3.50    63    43.96    2299    4.79    
3 9.82    3.49    61    43.00    2554    4.38    
4 9.82    3.49    61    42.95    2485    4.67    
5 9.78    3.50    63    43.87    2413    4.46    
Average 9.80 3.50 63 44.02 2482 4.60 
SD 0.02 0.01 2 1.35 137 0.18 
G-30 1 9.76    3.50    70    49.00    3493    3.41    
2 9.79    3.51    67    46.73    3346    3.29    
3 9.83    3.51    65    45.38    3219    3.39    
4 9.77    3.50    72    50.54    3104    3.52    
5 9.76    3.50    71    49.67    3326    3.49    
Average 9.78 3.50 69 48.27 3297 3.42 
SD 0.03 0.01 3 2.14 146 0.09 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
G-10 1 9.75    3.48    918    27.06  1599 6.19 
2 9.75    3.48    928     27.36  1568 6.99 
3 9.78    3.48    932     27.40 1521 7.81 
4 9.78    3.48    884     26.00  1504 6.54 
5 9.76    3.48    873     25.71  1543 7.03 
Average 9.76 3.48 907 26.71 1547 6.91 
SD 0.02 0.00 27 0.79 37 0.61 
G-20 1 9.76    3.50    1063 31.11 2244 5.81 
2 9.79    3.49    990 28.99 1837 6.37 
3 9.77    3.49    1132 33.22   1956 7.66 
4 9.76    3.49    1086 31.90 1931 7.50 
5 9.76    3.49    1114 32.72 2024 5.94 
Average 9.77 3.49 1077 31.59 1999 6.66 
SD 0.01 0.00 55 1.65 152 0.86 
G-30 1 9.77    3.50    1223 35.78 2069 6.25 
2 9.80    3.50    1272 37.07 2432 5.91 
3 9.75    3.50    1278 37.46 2829 5.28 
4 9.79    3.50    1252 36.54 2596 7.27 
5 9.78    3.50    1248 36.46 2472 7.42 
Average 9.78 3.50 1254 36.66 2480 6.43 
SD 0.02 0.00 22 0.63 276 0.90 
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Table B.9 Shear tests on GMPC specimens 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thickness 
(mm) 
Peak load 
(N) 
Peak stress 
(MPa) 
G-10 1 6.95    12.56    896    5.13 
2 6.94    12.54    1118    6.42 
3 6.95    12.57    1127    6.45 
4 6.95    12.57    990    5.66 
5 6.96    12.58    1104    6.30 
Average 6.95 12.56 1047 6.0 
SD 0.01 0.02 101 0.6 
G-20 1 6.96    12.59    1301    7.42 
2 6.96    12.59    1341    7.65 
3 6.96    12.57    1320    7.54 
4 6.96    12.59    1158    6.61 
5 6.96    12.60    1330    7.58 
Average 6.96 12.59 1290 7.4 
SD 0.00 0.01 75 0.4 
G-30 1 6.98    12.61    1434    8.14 
2 6.98    12.64    1168    6.62 
3 6.98    12.58    1461    8.32 
4 6.98    12.61    1434    8.14 
5 6.98    12.63    1467    8.32 
Average 6.98 12.61 1393 7.9 
SD 0.00 0.02 126 0.7 
B.5   Prediction of flexural strength of GMPC specimens using FMA 
To predict the flexural strength of the GMPC specimens, the cross-section of the 
specimens were divided into 12 sections which are equal to 3.5/12 = 0.291mm. The 
neutral axis depth which is shown in Table B.10 is calculated such that the summation 
of forces is equal to zero. The sectional force and moment is shown in Table B.11 to 
B.14 for each specimen where the sectional stress is calculated from the stress-strain 
curve. The negative strain and stress represents compression while positive value 
represents tension. In modified FMA, the stress is multiplied by linearly varying the 
strength factor ratio (SRF) as discussed in Chapter 4. 
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Table B.10 Summary of FMA for GMPC specimens 
Specimen 
name 
Failure 
tensile 
strain 
(%) 
FMA Modified FMA 
Neutral 
axis 
from 
bottom 
(mm) 
 rM
per 
width 
(Nmm) 
Flexural 
Strength 
(MPa) 
Neutral 
axis 
from 
bottom 
(mm) 
 rM  
per 
width 
(Nmm) 
Flexural 
Strength 
(MPa) 
G-0 4 1.79 36.78 18 - - - 
G-10 3.8 1.84 52.77 25.85 1.94 68.29 33.45 
G-20 3.1 1.68 61.17 29.96 1.7 81.63 39.98 
G-30 2.4 1.62 67.32 32.97 1.6 90.98 44.56 
 
Table B.11 FMA for G-0 specimens 
S.No 
 
 
 
 
Distance of 
each section 
from bottom 
(mm) 
 
Strain 
(%) 
 
 
 
FMA 
Stress 
(MPa) 
 
 
Force 
per 
width 
(N) 
Moment 
per 
width 
(Nmm) 
1 3.35 -3.50 -15.01 -4.38 -14.68 
2 3.06 -2.84 -13.56 -3.96 -12.12 
3 2.77 -2.19 -11.99 -3.50 -9.69 
4 2.48 -1.54 -10.01 -2.92 -7.24 
5 2.19 -0.89 -7.08 -2.07 -4.52 
6 1.90 -0.24 -2.37 -0.69 -1.31 
7 1.60 0.42 4.23 1.23 1.98 
8 1.31 1.07 8.02 2.34 3.07 
9 1.02 1.72 10.34 3.02 3.08 
10 0.73 2.37 11.70 3.41 2.49 
11 0.44 3.02 12.50 3.65 1.60 
12 0.15 3.67 13.04 3.80 0.55 
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Table B.12 FMA for G-10 specimens 
S.No 
 
 
 
 
 
Distance 
of each 
section 
from 
bottom 
(mm) 
Strain 
(%) 
 
 
 
 
FMA Modified FMA 
Stress 
(MPa) 
 
 
 
Force 
per 
width 
(N) 
 
Mr 
per 
width 
(Nmm) 
 
SFR 
 
 
 
 
Stress 
(MPa) 
 
 
 
Force 
per 
width 
(N) 
 
Mr 
per 
width 
(Nmm) 
 
1 3.35 -3.50 -22.05 -6.43 -21.57 1.74 -36.49 -10.64 -35.70 
2 3.06 -2.84 -20.21 -5.89 -18.05 1.43 -26.99 -7.87 -24.11 
3 2.77 -2.19 -17.82 -5.20 -14.40 1.11 -18.01 -5.25 -14.55 
4 2.48 -1.54 -14.46 -4.22 -10.46 0.79 -9.85 -2.87 -7.13 
5 2.19 -0.89 -9.59 -2.80 -6.12 0.48 -3.33 -0.97 -2.13 
6 1.90 -0.24 -2.49 -0.73 -1.38 0.16 0.36 0.10 0.20 
7 1.60 0.42 7.44 2.17 3.48 0.16 1.47 0.43 0.69 
8 1.31 1.07 12.42 3.62 4.75 0.47 6.28 1.83 2.40 
9 1.02 1.72 15.05 4.39 4.48 0.79 12.18 3.55 3.63 
10 0.73 2.37 16.48 4.81 3.50 1.11 18.42 5.37 3.92 
11 0.44 3.02 17.35 5.06 2.21 1.43 24.81 7.24 3.17 
12 0.15 3.67 17.90 5.22 0.76 1.74 31.20 9.10 1.33 
 
Table B.13 FMA for G-20 specimens 
S.No 
 
 
 
 
 
Distance 
of each 
section 
from 
bottom 
(mm) 
Strain 
(%) 
 
 
 
 
FMA Modified FMA 
Stress 
(MPa) 
 
 
 
Force 
per 
width 
(N) 
 
Mr 
per 
width 
(Nmm) 
 
SFR 
 
 
 
 
Stress 
(MPa) 
 
 
 
Force 
per 
width 
(N) 
 
Mr 
per 
width 
(Nmm) 
 
1 3.35 -3.50 -24.33 -7.10 -23.80 1.74 -41.92 -12.23 -41.01 
2 3.06 -2.84 -22.25 -6.49 -19.87 1.43 -31.29 -9.13 -27.95 
3 2.77 -2.19 -19.60 -5.72 -15.84 1.11 -21.35 -6.23 -17.25 
4 2.48 -1.54 -16.16 -4.71 -11.69 0.79 -12.48 -3.64 -9.02 
5 2.19 -0.89 -11.65 -3.40 -7.43 0.48 -5.32 -1.55 -3.39 
6 1.90 -0.24 -5.75 -1.68 -3.18 0.16 -0.83 -0.24 -0.46 
7 1.60 0.42 4.66 1.36 2.18 0.16 0.86 0.25 0.40 
8 1.31 1.07 13.53 3.95 5.18 0.47 6.58 1.92 2.52 
9 1.02 1.72 17.91 5.22 5.33 0.79 14.27 4.16 4.25 
10 0.73 2.37 20.11 5.86 4.28 1.11 22.34 6.52 4.75 
11 0.44 3.02 21.42 6.25 2.73 1.43 30.54 8.91 3.90 
12 0.15 3.67 22.12 6.45 0.94 1.74 38.53 11.24 1.64 
 
 
 
 
Appendix B 
 
B-9 
 
 
Table B.14 FMA for G-30 specimens 
S.No 
 
 
 
 
 
Distance 
of each 
section 
from 
bottom 
(mm) 
Strain 
(%) 
 
 
 
 
FMA Modified FMA 
Stress 
(MPa) 
 
 
 
Force 
per 
width 
(N) 
 
Mr 
per 
width 
(Nmm) 
 
SFR Stress 
(MPa) 
 
Force 
per 
width 
(N) 
Mr 
per 
width 
(Nmm) 
1 3.35 -3.50 -25.95 -7.57 -25.39 1.74 -45.71 -13.33 -44.71 
2 3.06 -2.84 -23.77 -6.93 -21.24 1.43 -34.35 -10.02 -30.68 
3 2.77 -2.19 -21.01 -6.13 -16.98 1.11 -23.71 -6.92 -19.16 
4 2.48 -1.54 -17.48 -5.10 -12.64 0.79 -14.18 -4.14 -10.26 
5 2.19 -0.89 -12.96 -3.78 -8.27 0.48 -6.39 -1.86 -4.08 
6 1.90 -0.24 -7.22 -2.11 -3.99 0.16 -1.23 -0.36 -0.68 
7 1.60 0.42 2.30 0.67 1.08 0.16 -0.09 -0.03 -0.04 
8 1.31 1.07 13.69 3.99 5.24 0.47 6.27 1.83 2.40 
9 1.02 1.72 19.65 5.73 5.85 0.79 15.40 4.49 4.59 
10 0.73 2.37 22.70 6.62 4.83 1.11 25.08 7.31 5.33 
11 0.44 3.02 24.41 7.12 3.11 1.43 34.75 10.13 4.43 
12 0.15 3.67 25.45 7.42 1.08 1.74 44.31 12.92 1.88 
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Appendix C: Experimental results under elevated temperatures 
 
The summary of the results of the coupon tests of mixed PSW and its composites under 
elevated temperatures discussed in Chapter 5 are presented here. Sections C.1 and 
C.2 shows the product specification sheet of polypropylene-graft-maleic anhydride 
and Irgafos-168, respectively. 
C.1   Polypropylene-graft-maleic anhydride product specification sheet 
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C.2   Irgafos 168 technical information sheet 
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C.3   Summary of test results under elevated temperatures 
Tables C.1-C.5 show the results of tensile tests performed under the temperatures of 
23°C, 40°C, 60°C, 80°C and 100°C, respectively. 
Table C.1 Summary of tensile tests performed at 23°C 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain 
at peak 
(%) 
G-0C 1 9.81    3.50    404    11.77 769 9.48 
2 9.85    3.51    484    13.99 849 12.88 
3 9.87    3.51    485    14.01 888 13.05 
Average 9.84 3.51 457 13.26 835 11.80 
SD 0.03 0.01 46 1.29 60 2.01 
G-0I 1 9.83    3.50    453    13.17 770 13.8 
2 9.86    3.50    469    13.59 802 15.14 
3 9.84    3.50    457    13.27 853 14.39 
4 9.85    3.50    450    13.05 797 15.53 
5 9.86    3.50    448    12.98 768 16.6 
Average 9.85 3.50 455 13.21 798 15.09 
SD 0.01 0.00 8 0.24 34 1.08 
G-30C 1 9.81    3.51    941    27.31 3355 2.43 
2 9.82    3.51    927    26.9 3171 2.77 
3 9.77    3.51    903    26.32 2944 2.72 
4 9.79    3.51    889    25.87 3094 2.39 
5 9.81    3.50    886    25.78 3387 2.33 
Average 9.80 3.51 909 26.44 3190 2.53 
SD 0.02 0.00 24 0.66 184 0.20 
G30I 1 9.77    3.50    979    28.64 3401 2.98 
2 9.76    3.50    869    25.43 3245 2.92 
3 9.77    3.49    934    27.39 3077 2.94 
Average 9.77 3.50 927 27.15 3241 2.95 
SD 0.01 0.01 56 1.62 162 0.03 
 
 
 
 
 
 
 
 
 
 
Appendix C 
 
C-5 
 
 
Table C.2 Summary of tensile tests performed at 40°C 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
G-0 1 9.82    3.49    389    11.35    633 14.84    
2 9.82    3.49    374    10.91    609 13.20    
3 9.82    3.48    369    10.80    609 16.60    
4 9.82    3.48    361    10.55    563    15.97    
5 9.82    3.48    370    10.82    464    17.91    
Average 9.82 3.48 372 10.89 575 15.70 
SD 0.00 0.01 10 0.29 67 1.79 
G-10 1 9.78    3.49    576    16.87 1227 4.57 
2 9.75    3.49    488    14.34 1424 3.69 
3 9.73    3.48    417    12.32 1092 3.68 
Average 9.75 3.49 494 14.51 1247 3.98 
SD 0.03 0.01 80 2.28 166 0.51 
G-20 1 9.84    3.51    667    19.3 2053 3.95 
2 9.77    3.49    634    18.6 2062 3.21 
3 9.81    3.49    630    18.39 1991 3.36 
4 9.77    3.49    620    18.18 2013 3.37 
5 9.75    3.49    638    18.74 2175 3.52 
Average 9.79 3.49 638 18.64 2058 3.48 
SD 0.04 0.01 18 0.42 71 0.28 
G30 1 9.77 3.50 703 20.55 2744 2.43 
2 9.77 3.50 685    20.03 2502 2.35 
3 9.79 3.50 678   19.79 2752 2.52 
Average 9.78 3.50 688 20.12 2666 2.43 
SD 0.01 0.00 12.9 0.39 142 0.09 
G-0C 1 9.84    3.51    372    10.77 620 14.71 
2 9.83    3.51    380    11.01 590 17.5 
3 9.83    3.50    383    11.13 540 15.88 
Average 9.83 3.51 378 10.97 583 16.03 
SD 0.01 0.01 5 0.18 40 1.40 
G-0I 1 9.84    3.50    339    9.83 532 15.16 
2 9.84    3.51    340    9.83 573 19.29 
3 9.86    3.50    343    9.94 584 16.22 
4 9.85    3.50    342    9.92 547 17.62 
5 9.85    3.50    335    9.72 510 18.37 
Average 9.85 3.50 340 9.85 549 17.33 
SD 0.01 0.00 3 0.09 30 1.65 
G-30C 1 9.87    3.54    686    19.65 2879 2.62 
2 9.81    3.50    749    21.8 2790 3.59 
3 9.80    3.49    748    21.86 2542 3.34 
Average 9.83 3.51 728 21.10 2737 3.18 
SD 0.04 0.03 36 1.26 174 0.50 
G-30I 1 9.78    3.50    672    19.65 2550 3.07 
2 9.81    3.49    720    21.01 2912 3.01 
3 9.79    3.49    731    21.38 2760 2.79 
Average 9.79 3.49 707 20.68 2740 2.96 
SD 0.02 0.01 31 0.91 181 0.15 
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Table C.3 Summary of tensile tests performed at 60°C 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thickn
ess 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
G-0 1 9.82    3.50    273 7.94    380 21.24 
2 9.82    3.49    262 7.65    342 15.83 
3 9.84    3.50    261 7.58    313 17.43 
4 9.81    3.50    255 7.43    357 15.95 
5 9.82    3.50    264 7.67    366 15.31 
Average 9.82 3.50 263 7.65 351 17.15 
SD 0.01 0.00 6.52 0.19 25 2.42 
G-10 1 9.80    3.48    358    10.5 735 5.38 
2 9.78    3.48    328    9.64 714 5.91 
3 9.76    3.49    343    10.06 835 6.86 
Average 9.78 3.48 343 10.07 761 6.05 
SD 0.02 0.01 15 0.43 64 0.75 
G-20 1 9.76   3.49 447 13.11 1732 3.75 
2 9.77    3.49    461    13.51 1557 4.71 
3 9.76    3.49    439    12.9 1765 3.56 
4 9.76    3.49    427    12.55 1292 4.06 
5 9.75    3.50    449    13.15 1433 4.73 
Average 9.76 3.49 445 13.04 1555 4.16 
SD 0.01 0.00 12 0.35 199 0.54 
G30 1 9.78    3.50    513    15 1722 3.42 
2 9.78    3.50    521    15.21 1953 3.44 
3 9.80    3.51    496    14.42 1876 3 
4 9.78    3.49    531    15.56 1782 3.51 
5 9.76    3.50    489    14.32 2156 2.8 
Average 9.78 3.50 510 14.90 1897 3.23 
SD 0.01 0.01 17 0.53 169 0.31 
G-0C 1 9.84    3.51    270    7.83 335 17.86 
2 9.82    3.50    241    7.02 263 15.4 
3 9.84    3.51    266    7.69 366 15.63 
Average 9.83 3.51 259 7.51 321 16.30 
SD 0.01 0.01 16 0.43 52 1.36 
G-0I 1 9.85    3.51    239    6.92 278 15.53 
2 9.85    3.51    244    7.04 340 13.93 
3 9.87    3.51    245    7.06 355 15.54 
4 9.86    3.51    236    6.81 293 17.95 
5 9.86    3.51    235    6.78 302 17.29 
Average 9.86 3.51 239 6.92 313 16.05 
SD 0.01 0.00 5 0.13 32 1.59 
G-30C 1 9.82    3.50    525    15.27 2050 4.23 
2 9.80    3.50    519    15.14 1902 3.53 
3 9.85    3.50    486    14.1 1750 4.52 
Average 9.82 3.50 510 14.84 1900 4.09 
SD 0.03 0.00 21 0.64 150 0.51 
G-30I 1 9.75    3.51    487    14.23 2067 3.73 
2 9.79    3.50    462    13.5 1841 3.33 
3 9.79    3.50    468    13.64 1652 4.03 
Average 9.78 3.50 472 13.79 1853 3.70 
SD 0.02 0.01 13 0.39 207 0.35 
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Table C.4 Summary of tensile tests performed at 80°C 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thickn
ess 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
G-0 1 9.83 3.49 187 5.46 222 19.34 
2 9.83 3.50 188 5.46 239 18.64 
3 9.83 3.50 192 5.58 231 16.07 
4 9.82 3.50 186 5.42 228 16.73 
5 9.84 3.50 192 5.56 259 15.16 
Average 9.83 3.50 189 5.50 235 17.19 
SD 0.01 0.00 2.83 0.07 14 1.75 
G-10 1 9.77    3.49    252    7.39 498 6.59 
2 9.80    3.49    260    7.6 670 6.58 
3 9.77    3.49    254    7.44 737 5.35 
Average 9.78 3.49 255 7.48 635 6.17 
SD 0.02 0.00 4 0.11 123 0.71 
G-20 1 9.76    3.50    340    9.96 966 5.54 
2 9.82    3.50    336    9.78 849 5.39 
3 9.80    3.50    325    9.47 927 4.55 
4 9.77    3.50    325    9.5 905 5.48 
Average 9.79 3.50 331 9.68 911 5.24 
SD 0.03 0.00 7.68 0.23 48 0.46 
G30 1 9.79    3.50    374    10.91 1269 4.15 
2 9.78    3.51    377    11 1380 4.6 
3 9.80    3.50    348    10.15 1112 3.99 
4 9.83    3.50    394    11.45 1382 4.45 
5 9.76    3.50    385    11.28 1238 4.02 
Average 9.79 3.50 376 10.96 1276 4.24 
SD 0.03 0.00 17 0.50 112 0.27 
G-0C 1 9.84    3.51    196    5.68 260 16.96 
2 9.79    3.50    175    5.11 244 14.89 
3 9.86    3.52    190    5.46 230 16.65 
Average 9.83 3.51 187 5.42 244 16.17 
SD 0.04 0.01 11 0.29 15 1.12 
G-0I 1 9.85    3.51    171    4.94 240 14.61 
2 9.85    3.51    167    4.82 247 14.3 
3 9.88    3.51    170    4.9 237 14.43 
4 9.86    3.51    172    4.97 250 14.43 
5 9.86    3.51    172    4.96 210 14.64 
Average 9.86 3.51 170 4.92 236 14.48 
SD 0.01 0.00 2 0.06 15 0.14 
G-30C 1 9.78    3.50    349    10.21 1140 3.78 
2 9.82    3.51    371    10.77 1280 4.34 
3 9.83    3.50    361   10.5 1201 4.08 
Average 9.81 3.50 360 10.49 1207 4.07 
SD 0.03 0.01 11 0.28 70 0.28 
G-30I 1 9.85    3.52    371    10.69 1070 3.52 
2 9.83    3.51    335    9.72 1231 4.44 
3 9.85    3.51    375    10.83 1220 4.18 
Average 9.84 3.51 360 10.41 1173 4.05 
SD 0.01 0.01 22 0.60 89 0.47 
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Table C.5 Summary of tensile tests performed at 100°C 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thickn
ess 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(MPa) 
Strain at 
peak 
(%) 
G-0 1 9.81    3.50    128    3.71    184    16.15    
2 9.83    3.50    131    3.80    171    15.26    
3 9.82    3.50    147    4.27    198    18.22    
4 9.83    3.50    130    3.79    205    15.75    
5 9.84    3.50    130    3.77    170    16.33    
Average 9.83 3.50    133 3.87 185 16.34 
SD 0.01 0.00 7.79 0.23 15 1.13 
G-10 1 9.78    3.48    176    5.16 381 6.84 
2 9.78    3.49    174    5.09 388 6.87 
3 9.78    3.49    173   5.08 431 6.62 
Average 9.78 3.49 174 5.11 400 6.78 
SD 0.00 0.01 1.53 0.04 27 0.14 
G-20 1 9.81    3.50    224    6.52 652 6.46 
2 9.80    3.49    233    6.81 707 5.5 
3 9.84    3.50    228    6.62 662 5.62 
4 9.78    3.50    219    6.4 670 5.26 
Average 9.81 3.50 226 6.59 672 5.71 
SD 0.03 0.00 5.94 0.17 23 0.52 
G30 1 9.78    3.51    264    7.69 865 4.08 
2 9.79    3.51    252    7.33 720 4.65 
3 9.79    3.51    250    7.27 853 4.76 
4 9.77    3.50    246    7.19 666 5.44 
Average 9.78 3.51 253 7.37 776 4.73 
SD 0.01 0.00 8 0.22 98 0.56 
G-0C 1 9.86    3.51    132    3.82 158 12.76 
2 9.85    3.51    132    3.82 137 14 
3 9.85    3.51    135    3.9 181 13.66 
Average 9.85 3.51 133 3.85 158 13.47 
SD 0.01 0.00 1 0.05 22 0.64 
G-0I 1 9.85    3.51    119    3.46 183 12.75 
2 9.86    3.51    115    3.31 153 11.86 
3 9.88    3.51    113    3.26 169 11.28 
4 9.86    3.51    112    3.23 144 10.05 
5 9.86    3.51    116    3.34 177 10.99 
Average 9.86 3.51 115 3.32 165 11.39 
SD 0.01 0.00 3 0.09 16 1.00 
G-30C 1 9.86    3.57    238    6.76 820 3.54 
2 9.83    3.50    239    6.94 810 4.37 
3 9.86    3.51    235    6.8 665 5.13 
Average 9.85 3.53 237 6.83 765 4.35 
SD 0.02 0.04 2 0.09 86 0.80 
G-30I 1 9.84    3.51    233    6.76 787 4.07 
2 9.80    3.51    237    6.89 816 4.38 
3 9.78    3.50    233    6.81 714 4.94 
Average 9.81 3.51 235 6.82 772 4.46 
SD 0.03 0.01 2 0.07 52 0.44 
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C.4   Tensile behaviour of coupon specimens with chemical additives under 
elevated temperatures 
The typical stress-strain curve and failure behaviour of coupon specimens with 
chemical additives under elevated temperatures is shown in Figures C.1 and C.2, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1 Comparison of tensile stress-strain curve with additives 
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Figure C.2 Visual observation of fractured surface of GMPC composites under 
elevated temperature 
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C.5   Theoretical prediction 
The modified ROM with temperature reduction factor, χT, was used to predict the 
tensile strength and modulus at elevated temperatures which is shown in Table C.6. 
Table C.6 Theoretical prediction of the coupon specimens under elevated temperatures 
 Temp 
(°C) 
Strain 
at 
peak 
(%) 
,
m  
(MPa) 
Em 
(MPa) 
Strength (MPa) Modulus (MPa) 
Modified 
ROM 
Modified 
ROM 
with χT 
Modified 
ROM 
Modified 
ROM 
with χT 
G-10 23 3.80 13.10 906.2 18.36 18.36 1538.67 1538.67 
40 3.98 8.80 575.6 14.22 14.22 1220.30 1220.30 
60 6.05 6.85 351.6 12.34 10.33 1004.59 771.49 
80 6.18 4.79 235.8 10.36 7.77 893.08 593.38 
100 6.77 3.48 185.6 9.10 5.07 844.73 378.53 
G-20 23 3.10 12.41 906.2 21.65 21.65 2256.61 2256.61 
40 3.48 8.44 575.6 17.99 17.99 1952.13 1952.13 
60 4.16 6.15 351.6 15.88 12.31 1745.82 1248.12 
80 5.36 4.60 235.8 14.46 9.86 1639.17 999.27 
100 6.12 3.62 185.6 13.55 6.40 1592.94 597.54 
G-30 23 2.40 11.48 906.2 25.47 25.47 3094.21 3094.21 
40 2.50 7.43 575.6 21.93 21.93 2805.92 2805.92 
60 3.23 5.58 351.6 20.32 14.91 2610.60 1804.20 
80 4.24 4.25 235.8 19.16 12.21 2509.62 1472.82 
100 4.73 3.39 185.6 18.41 7.59 2465.84 853.04 
 
From the curve-fitting, the temperature reduction factor was found to be 1, 
0.65, 0.55 and 0.3 for 40, 60, 80 and 100°C, respectively. The best fitting curve for the 
temperature of 60 to 100°C was calculated using these data as shown in Figure C.3. 
 
Figure C.3 Best fitting curve for temperature reduction factor 
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Appendix D: Experimental results under thermo-oxidative ageing 
D.1   Univul 5050 technical information sheet 
 
 
Appendix C 
 
D-13 
 
 
 
D.2   Summary of test results under thermo-oxidative ageing 
This section presents the summary of results of weight reduction, dimension reduction, density 
and tensile behaviour of coupon specimens exposed to thermo-oxidative ageing. 
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Table D.1 Weight reduction under thermo-oxidative ageing 
Specimen 
name 
2000 hours exposure 4000 hours exposure 
Initial 
wt.(gm) 
Final 
wt.(gm) 
% wt. 
reduced 
Initial 
wt.(gm) 
Final 
wt.(gm) 
% wt. 
reduced 
G-0 
  
  
  
  
1 6.5559 6.4922 0.972 6.5522 6.45356 1.505 
2 6.5559 6.4972 0.895 6.55305 6.45359 1.518 
3 6.5647 6.512 0.803 6.55895 6.46931 1.367 
4 6.5725 6.52 0.799  -  -  - 
Mean 6.562 6.505 0.867 6.555 6.459 1.463 
SD 0.007 0.011 0.072 0.003 0.007 0.069 
G-10 
  
  
  
  
1 6.7192 6.68732 0.474 6.69234 6.62651 0.984 
2 6.7115 6.68023 0.466 6.72525 6.64465 1.198 
3 6.6966 6.65785 0.579 6.65921 6.5937 0.984 
Mean 6.709 6.675 0.506 6.692 6.622 1.055 
SD 0.009 0.013 0.051 0.027 0.021 0.101 
G-20 
  
  
  
  
1 7.2656 7.23118 0.474 7.25684 7.19872 0.801 
2 7.2478 7.21851 0.404 7.24524 7.18299 0.859 
3 7.3568 7.31763 0.532 7.27935 7.22285 0.776 
Mean 7.290 7.256 0.470 7.260 7.202 0.812 
SD 0.048 0.044 0.052 0.014 0.016 0.035 
G-30 
  
  
  
  
1 7.8696 7.83832 0.397 7.83267 7.7764 0.718 
2 7.8698 7.82193 0.608 7.8626 7.80626 0.717 
3  -  -  - 7.85788 7.80257 0.704 
Mean 7.870 7.830 0.503 7.851 7.795 0.713 
SD 0.000 0.008 0.105 0.013 0.013 0.006 
G-0C 
  
  
  
1 6.5488 6.5145 0.524 6.55049 6.45861 1.403 
2 6.5478 6.50312 0.682 6.23696 6.15215 1.360 
Mean 6.548 6.509 0.603 6.394 6.305 1.381 
SD 0.001 0.006 0.079 0.157 0.153 0.021 
G-30C 
  
  
  
1 7.794 7.72746 0.854 7.79693 7.69971 1.247 
2 7.9552 7.90144 0.676 7.79211 7.69999 1.182 
Mean 7.875 7.814 0.765 7.795 7.700 1.215 
SD 0.081 0.087 0.089 0.002 0.000 0.032 
G-0U 
  
  
  
  
1 6.5647 6.54353 0.322 6.56469 6.50365 0.930 
2 6.5675 6.5476 0.303 6.56492 6.50255 0.950 
3 6.5655 6.54507 0.311 6.56605 6.50141 0.984 
Mean 6.566 6.545 0.312 6.565 6.503 0.955 
SD 0.001 0.002 0.008 0.001 0.001 0.023 
G-30U 
  
  
  
  
1 7.8895 7.86895 0.260 7.87496 7.83591 0.496 
2 7.8873 7.86715 0.255 7.86462 7.80309 0.782 
3 7.8725 7.85441 0.230 7.87561 7.82011 0.705 
Mean 7.883 7.864 0.249 7.872 7.820 0.661 
SD 0.008 0.006 0.013 0.005 0.013 0.121 
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Table D.2 Dimension reduction after 2000 hours thermo-oxidative ageing 
Specimen 
name 
2000 hours exposure 
Width (mm) Thickness (mm) 
Initial Final Reduction Initial Final Reduction 
G-0 
  
  
  
  
1 9.833 9.780 0.053 3.500 3.480 0.020 
2 9.810 9.790 0.020 3.503 3.490 0.013 
3 9.827 9.780 0.047 3.507 3.480 0.027 
Mean 9.823 9.783 0.040 3.503 3.483 0.020 
SD 0.010 0.005 0.014 0.003 0.005 0.005 
G-10 
  
  
  
  
1 9.803 9.740 0.063 3.487 3.480 0.007 
2 9.793 9.720 0.073 3.487 3.460 0.027 
3 9.773 9.710 0.063 3.493 3.460 0.033 
Mean 9.790 9.723 0.067 3.489 3.467 0.022 
SD 0.012 0.012 0.005 0.003 0.009 0.011 
G-20 
  
  
  
  
1 9.787 9.730 0.057 3.487 3.470 0.017 
2 9.773 9.710 0.063 3.493 3.470 0.023 
3 9.783 9.730 0.053 3.490 3.460 0.030 
Mean 9.781 9.723 0.058 3.490 3.467 0.023 
SD 0.006 0.009 0.004 0.003 0.005 0.005 
G-30 
  
  
  
  
1 9.783 9.730 0.053 3.503 3.480 0.023 
2 9.830 9.770 0.060 3.517 3.500 0.017 
3 9.773 9.720 0.053 3.500 3.490 0.010 
Mean 9.796 9.740 0.056 3.507 3.490 0.017 
SD 0.025 0.022 0.003 0.007 0.008 0.005 
G-0C 
  
  
  
1 9.840 9.800 0.040 3.510 3.490 0.020 
2 9.847 9.800 0.047 3.507 3.480 0.027 
Mean 9.843 9.800 0.043 3.508 3.485 0.023 
SD 0.003 0.000 0.003 0.002 0.005 0.003 
G-30C 
  
  
  
1 9.803 9.720 0.083 3.507 3.467 0.040 
2 9.843 9.783 0.060 3.507 3.480 0.027 
Mean 9.823 9.752 0.072 3.507 3.473 0.033 
SD 0.020 0.032 0.012 0.000 0.007 0.007 
G-0U 
  
  
  
  
1 9.853 9.823 0.030 3.510 3.490 0.020 
2 9.863 9.830 0.033 3.510 3.497 0.013 
3 9.857 9.830 0.027 3.510 3.493 0.017 
Mean 9.858 9.828 0.030 3.510 3.493 0.017 
SD 0.004 0.003 0.003 0.000 0.003 0.003 
G-30U 
  
  
  
  
1 9.807 9.763 0.043 3.503 3.483 0.020 
2 9.840 9.773 0.067 3.510 3.490 0.020 
3 9.793 9.757 0.037 3.503 3.487 0.017 
Mean 9.813 9.764 0.049 3.506 3.487 0.019 
SD 0.020 0.007 0.013 0.003 0.003 0.002 
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Table D.3 Dimension reduction after 4000 hours thermo-oxidative ageing 
Specimen 
name 
4000 hours exposure 
Width (mm) Thickness (mm) 
Initial Final Reduction Initial Final Reduction 
G-0 
  
  
  
  
1 9.823 9.743 0.080 3.500 3.460 0.040 
2 9.837 9.760 0.077 3.503 3.460 0.043 
3 9.833 9.750 0.083 3.503 3.460 0.043 
Mean 9.831 9.751 0.080 3.502 3.460 0.042 
SD 0.006 0.007 0.003 0.002 0.000 0.002 
G-10 
  
  
  
  
1 9.767 9.690 0.077 3.487 3.440 0.047 
2 9.803 9.690 0.113 3.487 3.450 0.037 
3 9.723 9.650 0.073 3.493 3.430 0.063 
Mean 9.764 9.677 0.088 3.489 3.440 0.049 
SD 0.033 0.019 0.018 0.003 0.008 0.011 
G-20 
  
  
  
  
1 9.803 9.720 0.083 3.490 3.460 0.030 
2 9.770 9.700 0.070 3.497 3.460 0.037 
3 9.783 9.710 0.073 3.493 3.470 0.023 
Mean 9.786 9.710 0.076 3.493 3.463 0.030 
SD 0.014 0.008 0.006 0.003 0.005 0.005 
G-30 
  
  
  
  
1 9.770 9.710 0.060 3.500 3.460 0.040 
2 9.790 9.710 0.080 3.500 3.460 0.040 
3 9.783 9.710 0.073 3.503 3.460 0.043 
Mean 9.781 9.710 0.071 3.501 3.460 0.041 
SD 0.008 0.000 0.008 0.002 0.000 0.002 
G-0C 
  
  
  
1 9.850 9.783 0.067 3.513 3.470 0.043 
2 9.830 9.733 0.097 3.520 3.470 0.050 
Mean 9.840 9.758 0.082 3.517 3.470 0.047 
SD 0.010 0.025 0.015 0.003 0.000 0.003 
G-30C 
  
  
  
1 9.773 9.680 0.093 3.507 3.457 0.050 
2 9.813 9.707 0.107 3.507 3.457 0.050 
Mean 9.793 9.693 0.100 3.507 3.457 0.050 
SD 0.020 0.013 0.007 0.000 0.000 0.000 
G-0U 
  
  
  
  
1 9.860 9.807 0.053 3.513 3.473 0.040 
2 9.860 9.790 0.070 3.510 3.477 0.033 
3 9.853 9.733 0.120 3.510 3.470 0.040 
Mean 9.858 9.777 0.081 3.511 3.473 0.038 
SD 0.003 0.031 0.028 0.002 0.003 0.003 
G-30U 
  
  
  
  
1 9.790 9.727 0.063 3.503 3.467 0.037 
2 9.790 9.723 0.067 3.503 3.460 0.043 
3 9.797 9.727 0.070 3.513 3.467 0.047 
Mean 9.792 9.726 0.067 3.507 3.464 0.042 
SD 0.003 0.002 0.003 0.005 0.003 0.004 
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Table D.4 Density calculation under thermo-oxidative ageing 
Specimen 
name 
UV 
exposure 
Weight  
(gm) 
P1 P2 Volume  
(cm^3) 
Density  
(gm/cc) 
G-0 2000 2.8382 16.817 6.342 3.301 0.860 
4000 2.74583 16.827 6.342 3.162 0.868 
G-10 
  
2000 5.51675 16.808 6.411 5.950 0.927 
4000 5.13154 16.763 6.381 5.484 0.936 
G-20 
  
2000 7.32342 17.025 6.532 7.307 1.002 
4000 6.1510 16.740 6.390 6.129 1.004 
G-30 
  
2000 6.52882 16.792 6.407 6.026 1.083 
4000 7.21526 16.784 6.418 6.534 1.104 
G-0C 
  
  
0 2.7688 16.833 6.350 3.374 0.821 
2000 2.6972 16.768 6.322 3.245 0.831 
4000 5.8299 17.007 6.506 6.631 0.879 
G-0U 
  
  
0 4.8041 16.778 6.390 5.603 0.857 
2000 6.1721 16.826 6.442 6.819 0.905 
4000 6.2176 16.828 6.444 6.863 0.906 
G-30C 
  
  
0 5.8098 16.777 6.391 5.653 1.028 
2000 8.2235 16.782 6.443 7.459 1.103 
4000 7.0357 16.758 6.406 6.459 1.089 
G-30U 
  
  
0 5.8974 16.777 6.391 5.653 1.043 
2000 6.4082 16.797 6.405 5.885 1.089 
4000 6.8814 16.745 6.397 6.314 1.090 
Table D.5 Summary of tensile tests performed before thermo-oxidative ageing 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(GPa) 
Strain 
at peak 
(%) 
G-0U 1 9.86    3.50    484    14.02 0.941 13.13 
2 9.85    3.50    468    13.57 0.842 15.31 
3 9.85    3.50    471    13.66 0.891 14.03 
4 9.85    3.50    490    14.22 0.810 14.20 
5 9.84    3.50    479    13.90 0.848 14.63 
Average 9.85 3.50 478 13.87 0.870 14.26 
SD 0.01 0.00 9 0.26 0.050 0.800 
G-30U 1 9.80    3.50    837    24.41 3.128 2.23 
2 9.78    3.49    829    24.29 3.149 1.92 
3 9.79    3.49    758    22.19 2.644 2.67 
4 9.80    3.50    783    22.84 2.673 2.50 
5 9.79    3.50    800    23.34 2.760 2.29 
Average 9.79 3.50 801 23.41 2.870 2.32 
SD 0.01 0.01 33 0.950 0.250 0.28 
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Table D.6 Summary of tensile tests performed after 2000 hours exposure 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(GPa) 
Strain 
at peak 
(%) 
G-0 1 9.83 3.50 493 14.34 0.919 11.22 
2 9.81 3.50 500 14.55 0.993 11.53 
3 9.83 3.51 503 14.57 0.960 11.00 
Average 9.82 3.50 498 14.49 0.960 11.25 
SD 0.01 0.01 5 0.13 0.04 0.27 
G-10 1 9.80    3.49    651    19.02 1.816 2.99 
2 9.79    3.49    628    18.39 1.753 2.39 
3 9.77    3.49    642    18.82 1.764 3.31 
Average 9.79 3.49 640 18.74 1.780 2.90 
SD 0.02 0.00 11 0.32 0.03 0.47 
G-20 1 9.79    3.49    858    25.12 2.699 2.7 
2 9.77    3.49    886    25.98 2.792 2.49 
3 9.78    3.49    766    22.45 2.396 2.57 
Average 9.78 3.49 837 24.52 2.630 2.59 
SD 0.01 0.00 63 1.84 0.21 0.11 
G-30 1 9.78    3.50    944    27.59 3.047 1.99 
2 9.83    3.52    832    24.04 3.325 1.92 
3 9.77    3.50    936    27.37 3.374 2.17 
Average 9.79 3.51 904 26.33 3.250 2.03 
SD 0.03 0.01 63 1.99 0.18 0.13 
G-0C 1 9.84    3.51    538    15.59 0.799 10.34 
2 9.85    3.51    532    15.39 0.832 11.13 
Average 9.84 3.51 535 15.49 0.820 10.74 
SD 0.01 0.00 4 0.14 0.02 0.56 
G-30C 1 9.80    3.51    988    28.72 3.350 2.62 
2 9.84    3.51    1061    30.73 3.460 2.85 
Average 9.82 3.51 1025 29.73 3.410 2.74 
SD 0.03 0.00 52 1.42 0.08 0.16 
G-0U 1 9.85    3.51    524    15.15 0.929 10.21 
2 9.86    3.51    492    14.22 0.923 11.54 
3 9.86    3.51    487    14.06 0.864 11.26 
Average 9.86 3.51 501 14.48 0.910 11.00 
SD 0.01 0.00 20 0.59 0.04 0.70 
G-30U 1 9.81    3.50    870    25.34 3.312 1.82 
2 9.84    3.51    738    21.38 2.823 1.41 
3 9.80    3.50    845    24.66 2.855 2.12 
Average 9.82 3.50 818 23.79 3.000 1.78 
SD 0.02 0.01 70 2.12 0.27 0.36 
 
 
 
 
Appendix C 
 
D-19 
 
 
Table D.7 Summary of tensile tests performed after 4000 hours exposure 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(GPa) 
Strain 
at peak 
(%) 
G-0 1 9.82    3.50    491    14.27 0.983 11.05 
2 9.84    3.50    484    14.05 0.938 9.9 
3 9.83    3.50    498    14.46 0.912 11.6 
Average 9.83 3.50 491 14.26 0.940 10.85 
SD 0.01 0.00 7 0.21 0.04 0.87 
G-10 1 9.77    3.48    652    19.18 1.742 2.88 
2 9.80    3.49    632    18.48 1.532 3.02 
3 9.72    3.48    606    17.93 1.763 2.34 
Average 9.76 3.48 630 18.53 1.680 2.75 
SD 0.04 0.01 23 0.63 0.13 0.36 
G-20 1 9.80    3.49    816    23.85 2.455 2.29 
2 9.77    3.50    836    24.44 2.229 2.51 
3 9.78    3.49    825    24.17 2.713 2.55 
Average 9.78 3.49 825 24.15 2.470 2.45 
SD 0.02 0.01 10 0.30 0.24 0.14 
G-30 1 9.77    3.50    881    25.76 3.303 1.29 
2 9.79    3.50    929    27.11 3.441 1.84 
3 9.78    3.50    969    28.31 4.011 2.01 
Average 9.78 3.50 926 27.06 3.590 1.71 
SD 0.01 0.00 44 1.28 0.38 0.38 
G-0C 1 9.83    3.52    531    15.35 1.039 8.95 
2 9.85    3.51    463    13.41 0.870 6.05 
Average 9.84 3.51 497 14.38 0.950 7.50 
SD 0.01 0.01 48 1.37 0.12 2.05 
G-30C 1 9.81    3.51    1028    29.86 3.725 2.36 
2 9.77    3.51    1072    31.27 3.985 2.22 
Average 9.79 3.51 1050 30.57 3.860 2.29 
SD 0.03 0.00 31 1.00 0.18 0.10 
G-0U 1 9.86    3.51    511    14.76 0.955 11.75 
2 9.86    3.51    500    14.44 0.898 10.22 
3 9.85    3.51    499    14.42 0.819 11.73 
Average 9.86 3.51 503 14.54 0.890 11.23 
SD 0.01 0.00 7 0.19 0.07 0.88 
G-30U 1 9.79    3.50    941    27.47 3.585 1.62 
2 9.79    3.50    913    26.65 3.584 1.77 
3 9.79    3.50    818    23.88 3.023 1.87 
Average 9.79 3.50 891 26.00 3.400 1.75 
SD 0.00 0.00 64 1.88 0.32 0.13 
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D.3   Theoretical prediction 
The modified ROM with shrinkage factor, χs, was used to predict the tensile strength 
under thermo-oxidative ageing which is shown in Table D.8. 
Table D.8 Theoretical prediction of the coupon specimens under thermo-oxidative 
ageing 
 Total 
exposure 
(hours) 
Strain at 
peak (%) 
,
m  
(MPa) 
Strength (MPa) 
Modified 
ROM 
Modified ROM 
with χs 
G-10 0 3.80 13.10 18.36 18.36 
 2000 2.90 12.03 17.33 18.48 
 4000 2.75 11.75 17.06 18.50 
G-20 0 3.10 12.41 21.65 21.65 
 2000 2.59 11.64 20.94 22.99 
 4000 2.45 11.26 20.59 23.15 
G-30 0 2.40 11.48 25.47 25.47 
 2000 2.03 10.33 24.46 27.55 
 4000 1.71 9.84 24.04 27.90 
 
From the curve-fitting, the shrinkage factor was found to be 1, 1.2 and 1.25 for 
0, 2000 and 4000 hours of thermo-oxidative ageing, respectively. The best fitting curve 
for the shrinkage factor was calculated using these data as shown in Figure D.1. 
 
Figure D.1 Best fitting curve for shrinkage factor 
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Appendix E: Experimental results under hygrothermal ageing 
 
E.1   Summary of test results under hygrothermal ageing 
This section presents the summary of results of moisture absorbed, swollen area and 
tensile behaviour of coupon specimen exposed to hygrothermal ageing. 
Table E.1 Moisture absorption under hygrothermal ageing 
Specimen At 23°C (after 140 
days) 
At 40°C (after 70 
days) 
At 80°C (after 70 
days) 
Initial 
wt. 
(gm) 
Final 
wt. 
(gm) 
Wt. 
gain 
(%) 
Initial 
wt. 
(gm) 
Final 
wt. 
(gm) 
Wt. 
gain 
(%) 
Initial 
wt. 
(gm) 
Final 
wt. 
(gm) 
Wt. 
gain 
(%) 
G-0 1 6.558 6.601 0.65 6.553 6.611 0.89 6.547 6.812 4.04 
2 6.551 6.593 0.64 6.557 6.616 0.90 6.549 6.814 4.05 
3 6.555 6.597 0.65 6.553 6.613 0.91 6.555 6.826 4.13 
G-10 1 6.698 6.743 0.68 6.809 6.863 0.79 6.706 6.981 4.11 
2 6.695 6.740 0.68 6.706 6.766 0.89 6.691 6.957 3.97 
3 6.708 6.754 0.69 6.715 6.777 0.93 6.712 6.982 4.02 
G-20 1 7.246 7.290 0.61 7.259 7.318 0.81 7.268 7.539 3.73 
2 7.259 7.303 0.61 7.649 7.710 0.80 7.254 7.522 3.69 
3 7.250 7.294 0.61 7.246 7.307 0.84 7.261 7.527 3.67 
G-30 1 7.870 7.913 0.55 7.882 7.940 0.74 7.863 8.114 3.20 
2 7.884 7.929 0.56 7.854 7.912 0.74 7.840 8.100 3.32 
3 7.848 7.892 0.56 7.869 7.927 0.74 7.859 8.110 3.19 
G-0C 1 6.559 6.603 0.66 6.547 6.602 0.85 6.559 6.787 3.46 
2 6.540 6.583 0.66 6.554 6.610 0.86 6.554 6.780 3.44 
3 6.547 6.591 0.66 6.552 6.608 0.85 6.550 6.774 3.43 
G-30C 1 7.777 7.815 0.48 7.797 7.845 0.62 7.961 8.174 2.67 
2 7.781 7.819 0.49 7.653 7.705 0.68 7.936 8.148 2.68 
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Table E.2 Swollen area under hygrothermal ageing 
Specimen At 23°C (after 140 days) At 40°C (after 70 days) At 80°C (after 70 days) 
Initial 
area 
(gm) 
Final 
area 
(gm) 
Swollen 
area  
(%) 
Initial 
area 
(gm) 
Final 
area 
(gm) 
Swollen 
area  
(%) 
Initial 
area 
(gm) 
Final 
area 
(gm) 
Swollen 
area 
(%) 
G-0 1 34.405 34.660 0.74 34.139 34.707 1.66 34.438 35.657 3.54 
2 34.382 34.550 0.49 34.307 34.707 1.17 34.382 35.549 3.40 
3 34.417 34.651 0.68 34.237 34.672 1.27 34.482 35.920 4.17 
G-10 1 34.123 34.302 0.53 33.937 34.300 1.07 34.123 35.081 2.81 
2 34.090 34.323 0.68 33.902 34.365 1.37 34.090 35.117 3.01 
3 34.067 34.337 0.79 34.006 34.538 1.57 34.067 35.244 3.45 
G-20 1 34.172 34.454 0.83 34.139 34.637 1.46 34.172 35.011 2.46 
2 34.153 34.375 0.65 34.475 34.975 1.45 34.153 35.181 3.01 
3 34.302 34.433 0.38 34.034 34.566 1.56 34.302 35.110 2.35 
G-30 1 34.195 34.454 0.76 34.174 34.705 1.55 34.130 35.011 2.58 
2 34.218 34.585 1.07 34.000 34.496 1.46 34.218 35.011 2.32 
3 34.251 34.410 0.46 34.132 34.496 1.07 34.251 35.181 2.71 
G-0C 1 34.674 34.832 0.45 34.342 34.912 1.66 34.674 35.493 2.36 
2 34.618 34.921 0.88 34.475 35.011 1.55 34.618 35.557 2.71 
3 34.583 34.811 0.66 34.411 34.975 1.64 34.583 35.529 2.74 
G-30C 1 34.195 34.466 0.79 34.307 34.602 0.86 34.426 35.152 2.11 
2 34.370 34.592 0.65 34.237 34.876 1.87 34.597 35.450 2.47 
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Table E.3 Summary of tensile tests performed after immersing at 23°C for 140 days 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(GPa) 
Strain 
at peak 
(%) 
G-0 1 9.85    3.52    469    13.52 0.759 11.82 
2 9.84    3.51    489    14.15 1.062 12.73 
3 9.85    3.52    481    13.87 0.821 12.45 
Average 9.85 3.52 479 13.85 0.88 12.33 
SD 0.01 0.01 10 0.32 0.160 0.47 
G-10 1 9.81    3.50    629    18.33 1.646 3.39 
2 9.81    3.50    612    17.84 1.846 3.62 
3 9.82    3.50    628    18.29 1.620 3.69 
Average 9.81 3.50 623 18.15 1.704 3.57 
SD 0.01 0.00 9 0.27 0.123 0.16 
G-20 1 9.81    3.51    797    23.12 2.549 2.83 
2 9.79    3.51    769    22.36 2.253 2.67 
3 9.81    3.51    748    21.74 2.791 2.73 
Average 9.80 3.51 771 22.41 2.531 2.74 
SD 0.01 0.00 24 0.69 0.269 0.08 
G-30 1 9.81    3.51    875    25.4 3.364 2.11 
2 9.81    3.53    835    24.14 2.777 2.06 
3 9.80    3.51    851    24.72 3.073 2.05 
Average 9.81 3.52 854 24.75 3.071 2.07 
SD 0.00 0.01 20 0.63 0.293 0.03 
G-0C 1 9.88    3.53    512    14.69 0.941 10.49 
2 9.88    3.53    500    14.32 0.951 9.98 
3 9.88    3.52    503    14.46 0.823 12.02 
Average 9.88 3.53 505 14.49 0.905 10.83 
SD 0.00 0.01 6 0.19 0.071 1.06 
G-30C 1 9.81    3.51    928    26.93 3.270 2.54 
2 9.84    3.52    918    26.54 3.135 2.31 
Average 9.82 3.51 923 26.74 3.202 2.43 
SD 0.02 0.00 7 0.28 0.095 0.16 
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Table E.4 Summary of tensile tests performed after immersing at 40°C for 70 days 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(GPa) 
Strain 
at peak 
(%) 
G-0 1 9.86    3.52    487    14.04 0.842 11.7 
2 9.86    3.52    483    13.92 0.813 13.66 
3 9.86    3.52    479    13.81 0.747 14.21 
Average 9.86 3.52 483 13.92 0.800 13.19 
SD 0.00 0.00 4 0.12 0.048 1.32 
G-10 1 9.80    3.50    564    16.45 1.481 3.98 
2 9.81    3.51    584    16.97 1.455 3.68 
3 9.84    3.51    566    16.39 1.451 3.31 
Average 9.82 3.51 571 16.60 1.462 3.66 
SD 0.02 0.01 11 0.32 0.016 0.34 
G-20 1 9.83    3.51    729    21.1 1.803 2.81 
2 9.87    3.53    855    24.52 2.429 3.15 
3 9.82    3.52    764    22.13 2.151 3 
Average 9.84 3.52 783 22.58 2.127 2.99 
SD 0.03 0.01 65 1.75 0.031 0.17 
G-30 1 9.83    3.52    844    24.36 2.936 2.19 
2 9.80    3.51    837    24.3 2.963 1.95 
3 9.82    3.51    816    23.65 2.875 1.93 
Average 9.82 3.52 832 24.10 2.924 2.02 
SD 0.02 0.01 15 0.39 0.045 0.14 
G-0C 1 9.88    3.53    484    13.87 0.820 10.12 
2 9.88    3.54    470    13.44 0.865 6.41 
3 9.88    3.53    505    14.47 0.851 10.75 
Average 9.88 3.53 486 13.93 0.845 9.09 
SD 0.00 0.01 17 0.52 0.023 2.35 
G-30C 1 9.84    3.52    868    25.07 2.959 2.38 
2 9.88    3.52    813    23.39 2.784 3.33 
Average 9.86 3.52 840 24.23 2.871 2.86 
SD 0.03 0.00 38 1.19 0.123 0.67 
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Table E.5 Summary of tensile tests performed after immersing at 80°C for 70 days 
Specimen 
name 
Specimen 
no. 
Width 
(mm) 
Thick
ness 
(mm) 
Peak 
load 
(N) 
Peak 
stress 
(MPa) 
Modulus 
(GPa) 
Strain 
at peak 
(%) 
G-0 1 9.97    3.59    475    13.28 0.699 18.89 
2 9.96    3.59    465    13.02 0.656 14.37 
3 10.02    3.60    476    13.21 0.563 19.98 
Average 9.98 3.59 472 13.17 0.639 17.75 
SD 0.03 0.01 6 0.13 0.069 2.97 
G-10 1 9.92    3.55    520    14.75 1.266 4.43 
2 9.91    3.54    514    14.64 1.216 4.17 
3 9.92    3.55    523    14.82 1.205 4.09 
Average 9.92 3.55 519 14.74 1.229 4.23 
SD 0.01 0.01 5 0.09 0.032 0.18 
G-20 1 9.90    3.54    636    18.13 1.886 2.81 
2 9.90    3.55    597    17.02 1.734 2.49 
3 9.90    3.55    631    17.97 1.770 2.8 
Average 9.90 3.55 621 17.71 1.796 2.70 
SD 0.00 0.00 21 0.60 0.079 0.18 
G-30 1 9.90    3.54    684    19.53 2.599 2.19 
2 9.89    3.55    650    18.54 2.207 2.24 
3 9.91    3.55    673    19.14 2.261 2.16 
Average 9.90 3.55 669 19.07 2.355 2.20 
SD 0.01 0.01 18 0.50 0.212 0.04 
G-0C 1 9.97    3.58    474    13.3 0.644 16.34 
2 9.96    3.57    473    13.31 0.716 15.4 
Average 9.96 3.57 474 13.31 0.680 15.87 
SD 0.00 0.00 1 0.01 0.050 0.66 
G-30C 1 9.95    3.56    871    24.56 2.669 3.26 
2 9.93    3.54    847    24.06 2.805 3.39 
Average 9.94 3.55 859 24.31 2.737 3.33 
SD 0.01 0.01 17 0.35 0.096 0.09 
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E.2   Theoretical prediction 
The modified ROM with the strength ratio factor, χsw was used to predict the tensile 
strength under hygrothermal ageing which is shown in Table E.6. 
Table E.6 Theoretical prediction of the coupon specimens under hygrothermal ageing 
 Immersion 
temperature 
(°C) 
Strain at 
peak (%) 
,
m  
(MPa) 
Strength (MPa) 
Modified 
ROM 
Modified ROM 
with χsw 
G-10 23 3.57 11.31 16.64 16.89 
 40 3.66 11.75 17.06 16.76 
 80 4.23 10.44 15.80 14.58 
G-20 23 2.74 10.4 19.80 21.68 
 40 2.99 11.03 20.38 21.39 
 80 2.70 8.82 18.34 17.31 
G-30 23 2.07 9.43 23.68 25.37 
 40 2.02 9.57 23.80 23.99 
 80 2.20 8.07 22.49 19.97 
 
 
 
